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. ABSTRACT 

Th is  t h e s i s  i s  a study o f  t h e  e f f e c t s  o f  elevated temperatures o n .  

t h e  performance o f  a vented j e t  p ropor t i ona l  f l u i d i c  a m p l i f i e r .  A 
. . 

model was b u i l t  according t o  t h e  design p r i n c i p l e s  found i n  t h e  

l i t e r a t u r e .  Tests were conducted t o  o b t a i n  the  s t a t i c  and dynamic 

response f o r  severa l d i f f e r e n t  temperatures from 70 t o  2000°F. 

Test  resu I  t s  ob ta i  ned from t h e  s t a t i c  response o f  t h e  amp I i f i e r  

a r e  presented i n  several  char ts .  Most o f  these r e s u l t s  were used t o  

eva l uate  t h e  t h e o r e t  i ca 1' dynami c response o f  t he  amp I i f  i e r .  F i  na I  I  y 

these values a re  compared w i t h  t h e  experimental values obta ined f rom 

t h e  dynamic response t e s t s .  

To o b t a i n  t h e  dynamic response it was necessary t o  design a 

pneumatic s inuso ida l  s igna l  generator  which could be located i n s i d e  

t h e  t e s t  oven and be a b l e  t o  cover a wide range o f  frequencies. 

Good c o r r e l a t i o n ,  p a r t i c u l a r l y  a t  room temperature, was found 

between t h e  t h e o r e t i c a l  and experimental dynamic response. .D i f fe rences 

'were most ly  due t o  t ransmission l i ne  e f f e c t s  which were on ly  approximai-ed 

i n  t h i s  study. 
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CHAPTER I 

l NTRODUCT l ON 

The i ncreasi ng number o f  app I  i ca t i ons  o f  f l u  i d  i c  systems i n 

automat ic  c o n t r o l  areas have brought  up t h e  necessi ty  o f  s tudy ing  and 

developing these.systems cons ide r ing  environmental e f f e c t s .  Research 

work dea l i ng  w i t h  a  pneumatic s k i n  f r i c t i o n  sensor f o r  a  ramje t  i s  

p r e s e n t l y  be ing  considered i n  t h e  Department o f  Mechanical Engineer ing 

a t  t h  i s  U n i v e r s i t y  [I]. Th i s  research, which has been sponsored by the  

Force Measurement Group o f  NASA a t  Langley Fie ld,  V i  r g i n i a ,  has shown 

t h a t  a  pneumatic p r o p o r t i o n a l  f l u i d i c  a m p l i f i e r  cou ld  be used i n  two 

ways: 

I )  Included i n  t h e  c losed loop system as a  pure g a i n  a m p l i f i e r  

o r  as an element o f  a  pneumatic compensating network f o r  t he  

s t a b i l i t y  o f  t h e  whole system. 

2 )  To amp l i f y  t h e  f l a p p e r  v a l v e  readout s ignals.  

Because t h e  whole system i s  supposed t o  be located i n  an area o f  t h e  

a i r p l a n e  where temperatures can be as h ig (  as 2000°F, t h e  performance o f  

t h e  a m p l i f i e r  w i l l  be s tud ied  a t  d i f f e r e n t  temperatures,ranging from 

room temperature, 70°F, up t o  2000°F. 

Background 

I n  1962 t h e  Diamond Ordnance Fuze Laborator ies (now Harry D i  arnond 

Labora tor ies)  presented a  f l u i d i c  a m p l i f i e r  w i t h  no moving pa r t s ,  g i v i n g  

a  new advance i n  t h e  f i e l d  o f  c o n t r o l  and f l u i d i c  l o g i c  [ 2 ] ,  Many 



researchers have been subsequently deal i ng w i th  t h i s  new idea i n  

c s n t r o  l engi neer i ng. References [3],[4],[5],[6],[7] g i  ve a very good 

background'on t h i s  new subject .  Most o f  these i n v e s t i g a t i o n s  were 

performed us i ng etched g l ass mode l s. 

I n  1968, a t  t h e  Labora tor ies  o f  McDonnell-Douglas Ast ronaut ics  Co., 

temperature e f f e c t s  on several pure f l u i d i c  a m p l i f i e r s  a t  temperatures 

up t o  1500°F were analyzed. Acoustic, v i b r a t i o n  and shock e f f e c t s  were 

s tud ied  as we1 l [a]. 

F igu re  I shows a p l a n  view o f  t h e  t o p  and bottom p l a t e  o f  t h e  t e s t  

a m p l i f i e r .  I t s  main dimensions a re  g iven i n  F igure 2. High energy 

f l u i d  i s  supp l ied  through t h e  power nozzle, becoming a power j e t  when 

it reaches t h e  i n t e r a c t i o n  region.  Two con t ro l  o r  low energy j e t s ,  s e t  

normal t o  t h e  power j e t  are a l s o  d i r e c t e d  t o  t h a t  region. I n  opera t i on  

a small  d e v i a t i o n  from t h e  balanced c o n d i t i o n  i n  t h e  pressure o f  one o f  

t h e  c o n t r o l  j e t s  d e f l e c t s  t h e  power stream and causes one ou tpu t  t o  

c o l l e c t  more f l u i d  than t h e  o ther .  I n  o the r  words, i f  a d i f f e r e n t i a l  

c o n t r o l  pressure e x i s t s ,  a d i f f e r e n t i a l  ou tput  pressure w i l l  be obta ined.  

I f  both c o n t r o l  pressures a re  equal no d e f l e c t i o n  i s  supposed t o  happen 

i n  t h e  power j e t ,  and t h e  d i f f e r e n t i a l  ou tput  pressure w i l l  be n i l .  I n  

t h i s  way t h e  a m p l i f i e r  i s  capable of p rov id ing  a l a rge  d i f f e r e n t i a l  out- 

p u t  s i g n a l  t h a t  i s  p ropor t i ona l  t o  a small  d i f f e r e n t i a l  i n p u t  s igna l .  

The imbalance bet-ween c o n t r o l  pressures which produces a d e f l e c t i o n  

on t h e  power j e t  was s tud ied by Moyni han and Rei l l y  [ 9 ]  and i s  a l so  

analyzed i n t h e  r e p o r t  presented by Chui and Man [ I  01. These authors 

used f o r  t h e  ana lys i s  t h e  c o n t r o l  volume presented i n  F igure 3. The 

boundaries o f  t h i s  c o n t r o l  volume i n  t h e  c o ~ t r o l  and power nozzles were 



Top P i a t e  

Bottom P l a t e  

F i g u r e  I. A m p l i f i e r  Top and Bottom P l a t e s  



Figure 2. Amplifier Main Dimensions 



determi ned by k'oyni han and Rei l l y  experimental i y f h r o ~ g h  rneasurerneni-'. 

o f  i h e  s t a t i c  pressure d i s t r i b u t i o n s .  I t  was found t h a t  approximately 

one channel w id th  upstream from t h e  e x i t  o f  t h e  con t ro l  and supply p o r t s  

t h e  f lows were uni form because t h e  s t a t i c  pressure d i s t r i b u t i o n s  were 

a l so  uniform. Also t h e  i n t e r n a l  c e n t r i f u g a l  forces o f  t h e  de f lec ted  

power j e t  o r i g  i nated t ransve rse  pressure gradients.  

The downstream l i m i  t of  She c o n t r o l  vo I ume was drawn so a l  l o f  t h e  

e x i t  f low was. through t h e  face  B-C. The ana lys i s  was based on t h e  

f o l l o w i n g  assumptions: 

I )  The f low d i r e c t i o n  through B-C i s  uniform. 

2) The s t a t i c  pressure o u t s i d e  t h e  con t ro l  volume i s  uni form 

and equal t o  t h e  ambient pressure. Th is  i s  c o r r e c t  i f  B-C 

i s  s u f f i c i e n t l y  f a r  downstream. 

3 )  The f lows through A-B and D-C (ent ra ined f l o w )  a re  equal i n  

magnitude but  oppos i te  i n  d i r e c t i o n .  

4 )  .The s t a t i c  pressure d i s t r i b u t i o n s  along A-B and D-C are  equal. 

Cons i de r i  ng these assumpti ons and using t h e  momentum equations f o r  

t h e  c o n t r o l  volume we can w r i t e :  

I n  t h e  X d i r e c t i o n ,  

- 
V s i n g - rhC ,-vCL + rhCRvCR = WCPCL - WCPCR + L Fx 

a a 

I n  t h e  Y d i r e c t i o n ,  



F i g u r e 3  Con t ro l  Volume f o r  A n a l y s i s o f  
Power J e t  Def I e c t i o n  



where F i s  the  pressure forces o f  t h e  w a l l s  on t h e  f l u i d  i n ' t h e  respec t i ve  

d i r e c t i o n s .  Taking Pa ( re ference o r  ambient pressure) equal t o  zero, and 

combining ( I .  I )  and (1.2) we get, 

i C L V C L  - ACRvCR + WC(PCL - PCR) + CFx 
tang  = . ( 1.3) 

V + WsPs + CF S' S Y 

I f  on ly  momentum fo rces  a re  considered i n  t h e  analys is ,  t h e  equat ion 

f o r  t h e  d e f l e c t i o n  angle can be reduced w i t h  s u f f i c i e n t  accuracy t o  t h i s  

s imple  form, 

Th is  formula i s  a l s o  g i ven  i n  a paper by Dexter [3]. 

Scope 

T h i s  t h e s i s  covers t h e  development and t e s t i n g  o f  a  vented j e t  

proportions 1 f l u i  d i  c  amp l i f i e r  i n  i t s  s t a t i c  and dynamic response f o r  

s i x  d i s c r e t e  temperatures goi ng from 70 t o  2000°F. 

Input ,  ou tpu t  and t r a n s f e r  c h a r a c t e r i s t i c s ,  which a re  def ined i n  

Chapter IV, were p l o t t e d  f o r  each one o f  t he  temperatures a forement ion~d.  

From t h e  inpu t  and ou tpu t  c h a r a c t e r i s t i c s  t h e  values o f  t h e  f l u i d  

res is tances,  capacitances, inductances, pressure a m p l i f i c a t i o n  f a c t o r  

and t ime  delays were obtained. The t r a n s f e r  c h a r a c t e r i s t i c s  gave us 

t h e  v a r i a t i o n  o f  t h e  a m p l i f i e r  gain, n u l l  s h i f t  and l i n e a r  range as 

f u n c t i o n  o f  temperature, and f o r  some p a r t i c u l a r  values o f  temperature, 

as a f u n c t i o n  o f  t h e  supply pressure as we l l .  



These parameters enabled us t o  draw t h e  t h e o r e t i c a l  Bode p l o t s  and t o  

see how t h e  values ex?er imenta l ly  obta ined i n  t h e  dynamic response o f  

t h e  amp 1 i f i e r  matched w i t h  those p red ic ted  by theory. 

The design and cons t ruc t i on  o f  a s inuso ida l  s igna l  generator  was 

requ i red  as p a r t  o f  t h e  dynamic ana lys i s  o f  t h e  a m p l i f i e r .  The 

generator  had t o  be used under t h e  same environmental cond i t i ons  as t h e  

t e s t  amp1 i f  i e r .  



CHAPTER I  I  

DES l GN PARAMETERS OF THE AMPL l F l ER 

The design o f  a f l u i d i c  a m p l i f i e r  can be considered a t r i a l  and 

e r r o r  problem. Even though a good idea can be obta ined f rom d i f f e r e n t  

r e p o r t s  presented by researchers [4], [ 5 ] ,  [7] who have tes ted  several 

devices a t  room temperature cond i t i ons ,  t h e r e  i s  n o t  t o o  much in fo rma t ion  

about t h e  e f f e c t s  o f  temperature on t h e  a m p l i f i e r  parameters. The s tudy  

concerned w i t h  h igh  temperature e f f e c t s  on p ropo r t i ona l  a m p l i f i e r s  done 

by Madonna, Anderson and H a r r i s  [8] can be considered usefu l  bu t  n o t  

general because o n l y  s i x  a m p l i f i e r s  were tes ted  and temperatures reached 

1 500°F. For  t h i s  reason designs o f  room temperature model s  a l  ready 

t e s t e d  were taken as a base l ine  e x t r a c t i n g  from these researches a l l  

p o s s i b l e  values. 

Based on t h e  c h a r a c t e r i s t i c s  o f  commercial a m p l i f i e r s  known t o  

date, a pressure g a i n  between 5 and 5.5 a t  room temperature, was expected 

t o  be obta ined.  The supply nozzle o f  these commercial a m p l i f i e r s  i s  

around 0.020 inches wide. Th i s  dimension was adopted f o r  t h e  design o f  

t h e  t e s t  a m p l i f i e r  ( i .e. ,  WS = 0.020 i n ) .  F igure  2 shows dimensions 

and nomenc l  a t u r e  used throughout  t h  i s  chapter.  

Peperone, e t  al,. [ I  I ]  show t h a t  t h e  pressure g a i n  i s  r e l a t i v e l y  

s e n s i t i v e  t o  t h e  load a c t i n g  on t h e  o u t p u t  por ts ;  t h e  shape o f  t he  

pressure p r o f i l e  a t  t h e  entrance o f  t h e  ou tpu t  aper tures P = P ( 8  ) ;  t h e  0 

d i s tance  E from t h e  supply nozzle t o  the  rece ivers ;  t h e  stream 

d e f l e c t i o n  €3 and w id th  Wo o f  t h e  o u t p u t  por ts .  



Le t  us de f ine  what i s  meant by a  load ac t i ng  on the  a m p l i f i e r .  The 

load i s  i n  d i r e c t  r e l a t i o n s h i p  w i t h  t h e  f low demanded from t h e  a m p l i f i e r  

i n  t h e  c i r c u i t .  For example, an a m p l i f i e r  i s  unloaded when an i n f i n i t e  

impedance i s  connected t o  t h e  amp l i f i e r  output  rece i vers. By impedance 

i s  meant a passive f l u i  d i  c  e  lement which requi res a  pressure drop t o  

e s t a b l  i s h  a  f low through it. Therefore, a  complete s imi  l i t u d e  w i t h  an 

e l e c t r i c  c i r c u i t  can be def ined. To achieve the  c o r r e l a t i o n ,  vo l tage 

has t o  be s u b s t i t u t e d  f o r  a i r  pressure atid cu r ren t  i n t e n s i t y  f o r  a i r  

f low. 

. The s lope o f  t he  pressure p r o f i l e ,  shown i n  Figure 4, i s  a f f e c t e d  by 

Undeflected profile (flcpo, E ) 

P($,E 
Def lecfed prof i le 

F igu re  4. Typ ica l  Pressure P r o f i l e  a t  the  Output Receivers 

t h e  w id th  o f  t he  con t ro l  nozzles and t h e i r  distance from t h e  power 

nozzle, i n  such a  way t h a t  increas ing these dimensions, increases the  

amount o f  c o n t r o i  f low. Th is  f a c t  does no t  change the  downstream center  



l i n e  va lue  o f  t h e  pressure p r o f i l e  b u t  lowers t h e  s lope o f  the p r o f i l e  

and consequently less pressure ga in  i s  obtained. This  pressure g a i n  

loss i s  found when the  c o n t r o l  f l ow  i s  h igher  than 30 p e r  cent  o f  t he  

supply j e t  f low.  I f  t h e  c o n t r o l  f l o w  i s  kept  less than t h i s  percentage 

s t i p u l a t e d  before, the  pressure p r o f  i l e  i s  no t  appreciably  a f f e c t e d  and 

i t  i s  even possi b I  e  t o  o b t a i n  a pressure  ga in  i ncrement by increas ing  

t h e  c o n t r o l  nozzle w id th  b u t  keeping t h e  con t ro l  f low w i t h i n  t h e  

l i m i  t a t i  ons mentioned be fo re  [6] .  

Experiments deve loped by Van T i  l burg and Cochran [5] a l so  per ta ined 

t o  t h e  i n f l u e n c e  o f  t h e  d is tance S f rom t h e  power nozz le  t o  t h e  c o n t r o l  

nozzles upon t h e  a m p l i f i e r  pressure gain.  They say t h a t  S has l i t t l e  

i n  e f f e c t  on t h e  a m p l i f i e r  ga'in f o r  smal l  percentages o f  t h e  c o n t r o l  

f low w i t h  respect  t o  supp l y  f low. Taki ng val ues f  rom t h  i s l a s t  research 

work t h e  c o n t r o l  edge w id th  was chosen equal t o  3.7 WS and the  c o n t r o l  

nozz le  w i d t h  1 . 5 5 ' ~ ~ .  

A f t e r  cons i d e r i  ng t h e  r e p o r t  presented by Dexter [31 t he  ou tpu t  

p o r t  width,  No, was taken equal t o  t h e  c o n t r o l  nozzle w i d t h  WC ( i . e . ,  

Wo = 1.55 W s ) .  

The aspect r a t i o  def  i ned as t h e  r a t i o  o f  t he  depth o f  the  supp l  y 

nszz le  Ss i t s  width,  was chossn equal t o  2.3, I n  t h i s  way t h e  depth 

o f  a l l  grooves was h = 0.046 i n .  

As mentioned before, t he  d i s tance  E from the  power supply nozz le  

t o  t h e  o u t p u t  p o r t s  o r  rece i ve rs  i s  important.  Increasing the  va lue  

o f  E produces a center  l i n e  degradat ion  i n  the  pressure p r o f i l e  and 

i n  consequence a lower pressure gain.  But  also, the increment o f  E 



g i v ~ s  a h i s n e r  pressure g a i n  because the  pressure p r o f i l e  d is j lacement  

i s  incrcased. For the  zero d e f l e c t i o n  o f  the  power j e t ,  a maximum 

pressure ga in  o f  1 1 . 1  was ob ta ined f o r  E = 13.5 WS [6]. Dexter [3] a l s o  

found t h a t  f o r  zero  d e f l e c t i o n  o f  t h e  power j e t ,  t h e  maximum momentum 

ga in  o f  13.4 occurs a t  about E = 9 MS. To be w i t h i n  t h e  values maximum 

pressure and momentum ga i  n, E was taken equal t o  I  i Ws. 

The length o f  t h e  o u t p u t  p o r t s  was d i v ided  i n t o  two sec t ions  and 

t h e i r  values chosen accord ing  t o  Reid [IZ]. The f i r s t  sect ion,  w i t h  a . 

cons tant  w i d t h  equal t o  1.55 WS, was 0.250 i n  long and t h e  second one, 

which behaved as a d i f f u s e r ,  had an ending w id th  equal t o  0.046 i n  and 

a t o t a l  length o f  0.180 in. 

The o u t p u t  nozz les  were designed w i t h  an angle o f  8 = 4' between 

t h e i  r cen te r  1 i ne and t h e  power j e t  cen te r  l i ne. For  h i g h e r  values o f  

t h i s  d e f l e c t i o n  ang le  t h e  a m p l i f i e r  becomes non l inear  and ga in  i s  

consi derab l y reduced [ 6 ] .  

F i n a l l y  vents were designed such t h a t  they provided an area o r  

angle between t h e i r  w a l l s  l a rge  enough t o  avoid any wa l l  attachment 

(Coanda e f f e c t )  i n  t h e  i n t e r a c t i o n  region. 

I n  summary, t h e  proposed main dimensions o f  t h e  a m p l i f i e r  can be 

d e t a i l e d  as f o l l o w s :  

S = 0.037 i n  

h = 0.046 i n  

e = 4 O  

Aspect r a t i o  = 2.3 



CHAPTER I l l  

AMPLIFIER DEVELOPMENT 

The model i nves t i ga ted  was constructed using two p l a t e s  3.50 i n  

long, 3.00 i n  wide and 0.75 i n  t h i c k .  I n  order  t o  g e t  minimum a m p l i f i e r  

dimensional changes and avo id  a l l  poss ib le  corrosion, bo th  e f f e c t s  

be ing produced by h i g h  temperatures, s t a i n l e s s  s tee l  RA 330 (AMS 5592). 

was se lec ted as t h e  proper m a t e r i a l .  The same i s  produced by Rol ley 

A l l o y  Inc. 

The dimensions o f  t h e  p l a t e s  were chosen so t h a t  t he re  would be 

room on t h e  top  p l a t e  t o  l oca te  t h e  taps t o  measure t h e  supply, c o n t r o l  

and ou tpu t  pressures. The a m p l i f i e r  i t s e l f  had the  f o l l o w i n g  dimensions: 

1.125 x 0.750 x 0.750 in. 

As expla ined below a  much b e t t e r  r e s u l t  i n  t h e  cons t ruc t i on  o f  

t h e  a m p l i f i e r  p r o f i l e  could have been obtained by e tch ing  it on t h e  

p la tes .  Because th. is  process was n o t  avai l ab le  a t  t h i s  Un ive rs i t y ,  t h e  

grooves were made us ing  a  m i l l i n g  machine. This l i m i t e d  t h e  design o f  

t h e  a m p l i f i e r  and t h e r e f o r e  it was n o t  poss ib le  t o  g e t  t h e  dimensions 

s t i p u l a t e d  a t  t h e  end o f  Chapter I I .  

. Downstream d is tance o f  t h e  i n p u t  p o r t s  and t h e i r  angle w i t h  

respect  t o  the  supply nozzle were p a r t i c u l a r l y  a f fec ted.  I t  was 

necessary t o  b u i l d  a  dump a t  t h e  cen te r  as shown i n  F igure  2 and t h e  

angle o f  t he  rece ivers  was enlarged, I t s  minimum poss ib le  value was 

5'. To ge t  sharp edges a t  t he  rece ive rs  entrance, t h e  d is tance E was 

increased up t o  0.240 in .  
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A f t e r  machining, t he  f i n a l  dimensions o f  t h e  a m p l i f i e r  were: . 

Aspect r a t i o  = 2.19 

Upstream i n  t h e  power and c o n t r o l  nozzles and downstream i n  t h e  

outputs ,  t h e  grooves were made 0.125 i n wide and 0.090 i n  h igh  i n ,each 

p l a t e .  T h i s  was done t o  o b t a i n  symmetry o f  f low i n  each nozzle. As they  

were bu i l t, t h e  amp l i f i e'r p o r t s  were a t  t h e  center o f  t h e  l a rge r  grooves. 

Also, on t h e s e  la rge r  grooves and on t h e  top  p l a t e  only,  f i v e  holes were 

d r i l l e d  t o  s e t  t h e  taps t o  measure pressures. These o r i f i c e s  can be seen 

on t h e  top  p l a t e  shown i n  F igure  I. 

Al l channels were pol  i shed by t h e  author as best  as poss i b  le .  

Also t h e  con tac t  sur faces were po l ished and lapped, afterwards, o b t a i n i n g  

a p e r f e c t  contac t  between them. F i n a l l y  both p l a t e s  were brazed together .  

A vacuum oven a t  NASA Langley F i e l d  was used f o r  t h i s  purpose. Nicrobraz 

30, produced by Wall Colmonoy Corpora t io  , was used as f i l l e r  metal. 

Besides having e x c e l l e n t  s t reng th  p r o p e r t i e s  and o x i d a t i o n  res is tance,  

it has low d i f f u s i o n  a t  t h e  b r a z i n g  temperature o f  2175OF [13]. Th is  

prevented t h e  grooves g e t t i n g  clogged dur ing  the  braz ing  process. 

The b raz ing  compound was p u t  a long t h e  edges o f  t h e  contac t  sur faces 

and a'l so i n  f o u r  sma l l c a v i t i e s  a t  t h e  cent ra l  p a r t  of t h e  amp l  i f i e r .  



I n t e r n a l  o r  ex terna l  leakages due t o  any poss ib le  gap between sur faces 

were avoided i n  t h a t  way. 

Tempera-kures o f  t h e  supply, c o n t r o l  and output  f l ows  were measured 

w i t h  chromel-alumel exposed j u n c t i o n  thermocouples. I n  these thermo- 

couples t h e  sheath i n s u l a t i o n  i s  sealed a t  t h e  p o i n t  o f  e n t r y  t o  p r e v e n t '  

pene t ra t i on  o f  a i r .  The thermocouples were manufactured by Omega 

Engineering Inc. T h e i r  model i s  CAIN-316E-12. 

The supply f l ow  was preheated before going i n t o  t h e  a m p l i f i e r  t o  

o b t a i n  f low temperatures c lose  t o  oven temperatures. A 3 f t  long c o i l  

located i n s i d e  t h e  oven was s a t i s f a c t o r y  t o  g e t  t h e  temperatures 

requ i red. 

For a i r  f l ow  and pressure measurements, 316 s t a i n l e s s  s tee l  tubes, 

0.250 i n  O.D. and "Swagelok" f i t t i n g s  o f  t h e  same mate r ia l ,  were used 

i n  t h e  p r o j e c t .  High temperature l ub r i can t ,  " S i l v e r  Goop" was app l ied  

t o  a l l  f i t t i n g s .  Th is  al lowed some o f  them t o  be taken a p a r t  a f t e r  t h e  

s t a t i c  t e s t  was performed and r e c t i f y  t h e  setup f o r  t h e  dynamic t e s t .  

Both l u b r i c a n t  and f i t t i n g s  a r e  produced by Crawford F i t t i n g  Company. 



CHAPTER I V  

EXPERIMENTAL DETERMINATION OF THE AMPLIFIER STATIC RESPONSE 

The next  s tep i n  t h i s  research was t o  ob ta in  t h e  s t a t i c  response 

o f  t h e  a m p l i f i e r .  T h i s  enabled us t o  o b t a i n  the  input ,  o u t p u t  and 

t r a n s f e r  c h a r a c t e r i s t i c s .  From them it was poss ib le  t o  compute t h e  

parameters a l ready  mentioned i n  t h e  scope o f  t h i s  t hes i s .  Some o f  

these parameters were requi  red l a t e r  i n  determi n a t i o n  o f  t h e  t h e o r e t i c a l  

dynamic response. 

During some t r i a l s  a t  room temperature i t  was observed t h a t  a h igh  

frequency no ise  was produced a t  t he  i n t e r a c t i o n  region.  Th i s  problem 

was e l i m i n a t e d  w i t h  two s i d e  w a l l s  on the  vents. Several dimensions 

o f  these wa l l s  were t e s t e d  u n t  i l t h e  most adequate one was o b t a i  ned. 

F i n a l l y  t h e  aper tu re  o f  t h e  vents on t h e  s ide  o f  t h e  p l a t e s  was 

approximate ly  0.300 i n .  I t  was a l s o  found t h a t  by us ing  these w a l l s  

t h e  pressure g a i n  increased a l i t t l e .  This  s o l u t i o n  and r e s u l t  o f  

t h e  prob lem were a l s o  t r e a t e d  by E. M. Dexter [33. 

Temperatures a t  70, 500, 1000, 1500, 1800 and 2000°F were se lec ted  

f o r  t h e  experiment. The respect ive  values o f  pressur,es and f lows were 

taken a t  each temperature i n o rde r  t o  p l o t  t h e  amp l  i f i e r  cha rac te r i  s t  i cs 

curves prev ious l y  mentioned. A f t e r  t h e  temperature had reached 2000°F, 

some o f  t h e  values obta ined i n  t h e  preceding steps were v e r i f i e d  as the  

temperature went down. Readings d i d  n o t  show appreciable d i f f e r e n c e s  

w i t h  those taken when temperature was increasing. When temperature 

became normal again (70°F), i t  was necessary t o  c lean up tubes and 

grooves w i t h  h igh  pressure a i r .  I t  was poss ib le  t o  observe from t h e  



e x t e r n a l  aspect o f  t h e  elements t h a t  co r ros ion  a f f e c t e d  main ly  f i t t i n g s  

and tubes, whi l e  t h e  amp1 i f  i e r  was f a i r l y  clean. A f t e r  t h e  amp1 i f  i e r  

was cleaned, room temperature da ta  were taken again and values co inc ided  1 
i 

w i t h  those taken a t  t h e  begi nni ng o f  t h e  experiment. 

Approximately two hours were requ i red  t o  take  t h e  data a t  each 

temperature. Th i s  inc ludes t h e  t i m e  requi  red f o r  t he  oven t o  reach 

t h e  equ i l i br ium temperature a t  each value selected f o r  t h e  experiment 1 
(15 minutes approximate ly) .  

The speed o f  t h e  supp l  y f low i n s i d e  t h e  tube where t h e  thermocoup l e 

was located va r ied  approximately between 28 f t / s e c  a t  room temperature, 

and 75 f t / s e c  a t  2000°F. Th is  says t h a t  temperature e r r o r s  due t o  

f l u i d  v e l o c i t y  cou ld  be neglected. I n  t h e  c o n t r o l  and ou tpu t  l i n e s  t h e  

speed was I  esser, and t h e r e f o r e  e r r o r s  were a l s o  neglected. Because t h e  

tube w a l l  temperatures were n o t  measured it was no t  poss ib le  t o  compute 

t h e  r a d i a t i o n  e r r o r  i n  t h e  f low temperature measurements. 

Experi  menta l Setup 

A schematic diagram o f  t h e  experimental  setup i s  shown i n  F igure  5, 

and a general  view o f  F igure  6. A l  l t e s t s  were performed i n  an e l e c t r i c  

oven ( I 1  x l l  x I I  i n ) .  F igure  7 shows t h e  a m p l i f i e r  located i n  t h e  
t 

t e s t  pos it i on. 

Besides t h e  element tested, t h e  experimental setup cons is ted  o f  a 

man i fo ld ,  f lowmeters, pressure gages, water o r  mercury manometers and 

potent iometers.  

The inst ruments were placed f a r  enough from the  oven t o  avoid any 

temperature e f f e c t  upon t h e  readings. To be c e r t a i n  t h a t  a i r  leav ing  



Thermocouple n 
ter 

F i g u r e  5 Schematic Diagram o f  t h e  S t a t i c  Tes t  C i r c u i t  



Figure 6. Experimental Setup - S t a t i c  Response Test 

Figure 7. A m p l i f i e r  i n  Oven (Top Removed) - S t a t i c  Response Test 



t he  ou tpu t  p o r t s  kept  a cons tan t  temperature (about 70°F) when passing 

through t h e  flowmeters, two water  coo le rs  were located between t h e  

amp l i f  i e r  and f l owneters. Thi s was done t o  reduce t h e  ou tpu t  a i  r 

temperature t o  s tandard temperature ( 7 0 0 ~ )  and prevent  any damage t o  

t h e  i nstruments. 

Temperatures were measured a t  t h e  supply, c o n t r o l  and o u t p u t  p o r t s  

i ns ide  t h e  oven. A second read i  ng of  the .  ou tpu t  f low temperatures was 

o b t a i  ned before  passing th rough t h e  f lowmeters. The thermocouples were 

moni tored by double range potent iometer  i nd i ca to rs .  Reference j u n c t i o n s  

were a t  70°F. 

As exp l ai  ned i n t h e  preced i ng chapter ,  pressures were measured 

through taps  located on t h e  a m p l i f i e r  t op  p l a t e .  Th i s  means t h a t  

measurements showed und is tu rbed o r  s t a t i c  pressures, r a t h e r  than 

s tagna t i on  pressures. Th i s  was done t o  s i m p l i f y  the  setup i n s i d e  t h e  

oven where t h e r e  was no t  room enough t o  l oca te  tanks and make poss ib le  

the  s tagnat ion  pressure measurement. 

t 

Exper i menta l Resu l  t s  

A t  t h e  temperature s teps  p r e v i o u s l y  mentioned data were taken i n  

o rde r  t o  p l o t  t h e  power j e t ,  input ,  ou tpu t  and t r a n s f e r  c h a r a c t e r i s t i c s .  
4 

The i r  d e s c r i p t i o n s  a r e  exp la ined below. 

Power j e t  c h a r a c t e r i s t i c s .  Wi th a constant  5 p s i g  supply pre'ssure 

and no loads on t h e  outputs,  t h e  supply pressure was measured f o r  each 

oven temperature. As p red i c ted ,  t h e  vo lumet r ic  f low increased as 

temperature i ncreased, Th i s  v a r i a t i o n  presented i n  F igure  8 f o f  lowed 

approximate ly  t h e  r e l a t i o n  
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F i g u r e  8 Power Nozzle Supply Flow versus Temperature 
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. The load t h a t  an i npu t  s igna l  "sees" when 

it i s  app l i ed  t o  t h e  c o n t r o l  por t  can be der ived from t h e  i n p u t  

c h a r a c t e r i s t i c s .  These re1 a t e  t h e  con t ro  I  f low w i t h  t h e  pressure 

a p p l i e d  on t h e  same p o r t .  

Even though it i s  n o t  a s t r i c t  r u l e  i n  a m p l i f i e r  design, t h e  

c o n t r o l  b i a s  pressure i s  general l y  taken as 10 per  cent  o f  t h e  supply 

pressure. %dopt i  ng t h i s  convention, c o n t r o l  pressures were taken equa I  + 

t o  0.5 ps ig .  

. Vary ing t h e  c o n t r o l  pressure from 0 t o  1.2 p s i g  and w i t h  no load 

on t h e  outputs, t h e  c o n t r o l  f l ow  versus con t ro l  pressure, f o r  one 

c o n t r o l  por t ,  was recorded. The values o f  b ias  p o i n t s  i n  Figures 9 t o  

14 represent  t h e  values where t h e  l e f t  con t ro l  pressure PCL, was equal 

t o  t h e  r i g h t  c o n t r o l  pressure PCR ( i .e., 'CL - - 'CR) 

To o b t a i n  t h e  values o f  c o n t r o l  resistances, both c o n t r o l  pressures 

were s e t  a t  t h e  p o i n t  where PCR = PCL = 0.5 p s i g  Then one o f  t h e  

pressures was v a r i e d  from 0.7 t o  0.30 psig. The o t h e r  c o n t r o l  pressure 

was s e t  a t  such a value t o  keep t h e  r e i a t i o n  PCL + PCR = 0.5 ps ig  

constant .  I n  t h a t  way t h e  respec t i ve  values o f  con t ro l  f l ow  f o r  

d i f f e r e n t  pressures were obtained. From these curves it was poss ib le  

t o  f i nd t h e  con t ro  I  p o r t  r e s i  stances. 

Values o f  c o n t r o l  pressures and f lows were normalized w i t h  respect 

t o  supply pressure and f l ow  as can be seen i n  the  f i g u r e s  previous l y  

mentioned. Th is  was done i n  o rde r  t o  compare the  normalized data f o r  

each va lue  o f  t h e  temperature taken i n  considerat ion.  These normalized 

data show t h a t  r a t h e r  s i m i l a r  values were obtained f o r  t h e  temperature 

range considered. Thereby i t  i s  poss ib le  t o  say t h a t  i npu t  c h a r a c t e r i s t i c s  

can be p red ic ted  f o r  o the r  temperatures b ~ s i d e s  those tested.  
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T rans fe r  c h a r a c t e r i s t i c s .  These amp l i f  i e r  c h a r a c t e r i s t  i c s  def i ne 

t h e  r e  l a t  i on between i nput  and output .  Three important  parameters were 

obta ined f rom these p l o t s :  t h e  a m p l i f i e r  gain, l i n e a r  range and n u l l  

s h i f t .  

Betause a m p l i f i e r  ga in  i s  cons iderab ly  a f fec ted  by ou tpu t  loads, 

it i s  necessary t o  d e f i n e  under what load t h e  amp l i f  i e r  t r a n s f e r  

c h a r a c t e r i s t i c s  were obtained. The load used i n  t h i s  research t o  

o b t a i n  these curves, gave 1.0 p s i g  pressure recovery f o r  ze ro  d i f f e r e n -  

t i a i  c o n t r o l  pressure. F igure  15 shows t h e  t r a n s f e r  c h a r a c t e r i s t i c s  f o r  

t h e  temperature range studied.  

V a r i a t i o n  o f  t h e  supply pressure f o r  room temperature, 1000 and 

2000°F were a l s o  inves t iga ted.  For these cases t h e  con t ro l  pressures 

were a l s o  k e p t  equal t o  10 per  c e n t  o f  t h e  supply pressure. From 

F igu res  16 t o  18 it i s  apparent t h a t  a l l  parameters considered f o r  

t hese  a m p l i f i e r  c h a r a c t e r i s t i c s  v a r i e d  f o r  d i f f e r e n t  supply pressures. 
I 

Output  c h a r a c t e r i s t i c s .  Output  c h a r a c t e r i s t i c s  show how t h e  

o u t p u t  s i g n a l  i s  a f f e c t e d  by loads located on t h e  ou tpu t  po r t s .  

Graph ica l l y ,  t h e  ou tpu t  c h a r a c t e r i s t i c s  o f  a  s i n g l e  output  p o r t  i s  t h e  

p l o t  o f  o u t p u t  f low versus o u t p u t  pressure f o r  d i f f e r e n t  !oads va r ied  

f rom almost zero  t o  a lmost  i n f i n i t e  impedance values. These charac ter -  

i s t i c s  a r e  a l s o  a  f u n c t i o n  o f  t h e  d i f f e r e n t i a l  c o n t r o l  s igna l ,  g i v i n g  

i n  t h a t  way a  fam i l y  o f  curves w i t h  the  d i f f e r e n t i a l  c o n t r o l  pressure 

as a  parameter. 

Several p a i r s  o f  r e s i s t o r s  were made t o  be located i n  t h e  ou tpu t  

p o r t s  t o  g e t  i n  t h a t  way t h e  same v a f i a b l e  load i n  each output .  One 

o f  t hese  loads was t h e  one a l ready described i n  t h e  t r a n s f e r  character-  

i s t i c s .  The load l i n e  i s  t h e  locus obtained wi th  t h i s  p a r t i c u l a r  load. 

, 



Figure  15 Transfer  Charac te r i s t i cs  - Vari  ab le  
Temperature (PS = 5 p s i g )  



F i g u r e  16 T r a n s f e r  C h a r a c t e r i s t i c s  - Va r i ab le  Supply Pressure 
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Figure 18 T r a n s f e r  Characteristics - V a r i a b l e  S u p p l y  Pressure 
(2000°F) 
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Figures 9 t o  14 show t h e  o u t p u t  c h a r a c t e r i s t i c s  f o r  d i f f e r e n t  

temperatures. F ive  va lues o f  d i  f f e r e n t  i a  l con t ro l  pressures were taken 

- t o  o b t a i  n t h e  data: APC - PC< - PCR = 0; + 0.15; + 0.20 psig.  These 

d i f f e r e n t i a l  va lues were obta ined as fo l lows.  For example, f o r  

APC = - 0.15 p s i g ,  PCR was taken equal t o  0.575 p s i g  and PCL = 0.425 

psig.  For APC = - 0.25 psig, PCR was 0.625 ps ig  and PCL equal t o  

0.375 ps ig .  I n  both cases t h e  average o f  t h e  con t ro l  pressures was 

always equal t o  0.50 ps ig .  

The p l o t  o f  t h e  ou tpu t  c h a r a c t e r i s t i c s  f o r  room temperature showed 

t h a t  t h e  load l i n e  was very c l o s e  t o  t h e  unstable region. The amp1 i f  i e r  

became unstab le  f o r  h igh  values o f  t h e  impedance located i n  t h e  outputs.  

Even though pressure and ' f low read i ngs on t h e  load l i ne were no t  

a f f e c t e d  by t h e  o s c i l l a t i o n s  produced because the  a m p l i f i e r  was 

o p e r a t i n g  c lose t o  t h e  unstab le  region, they were expected t o  a f f e c t  

t h e  dynamic response. As temperature went up t h e  load l i n e  moved away 

f rom t h e  unstab le  region, and osc i  l l a t i o n s  were considerably reduced. 

For  h ighe r  temperatures and negat ive values o f  APC, t h e  v a r i a t i o n  

o f  t h e  output  f l ow  w i t h  ou tpu t  pressure f o r  d i f f e r e n t  loads was r a t h e r  

smal l ,  g i v i n g  a very  s h o r t  l i n e  on t h e  p l o t s .  

Output c h a r a c t e r i s t i c s  were a l s o  normalized w i t h  respect  t o  supply 

pressure  and f low.  .Figures 9 t o  14 show t h a t  there  were d i f f e rences  

w i t h  temperature i n  t h e  normalized values obtained f o r  each APC con- 

s i  dered. This says t h a t  i t  i s  no t  poss ib le  t o  p r e d i c t  accura te ly  the  

o u t p u t  character  i s t  i cs f o r  any o t h e r  temperature except those tested.  



CHAPTER V 

PERFORMANCE PARAMETERS 

I n  o rde r  t o  descr ibe o r  c a l c u l a t e  t h e  behavior o f  t h e  a m p l i f i e r ,  

it was necessary t o  determine f i r s t  t h e  values o f  i t s  parameters. These 

parameters, described p a r t i c u l a r l y  i n reference [i'], are  analyzed i n the  

f o i  lowing paragraphs. 

l nput  Resistance 

l nput  res is tances were o b t a i  ned from t h e  i nput c h a r a c t e r i s t i c s .  

They a r e  def ined as t h e  r a t i o  o f  t h e  change i n  con t ro l  pressure t o  t h e  

change i n  c o n t r o l  f l ow  when b ias  pressure i s  h e l d  constant.  That i s ,  

- APc Rc - - 
AQc 

PCC + PCR = constant  

Because t h e  s lope o f  t h e  curve f o r  PCL + PCR = constant  changes a t  

each p o i n t ,  t h e  values o f  t h e  i n p u t  res is tances were taken a t  t he  b i a s  

p o i n t  ( i .e. ,  PCL - - PCR = 0.5 p s i g ) .  F igure 19 shows t h e  c o n t r o l  

res i s tance  decreased as temperature i ncreased, except between 1800 and 

2000°F where a very small  increment i n  the  value o f  t h e  res is tance was 

observed. 

The ou tpu t  res i s tance  i s  de f i ned  as t h e  r a t i o  o f  change i n  output  

pressure t o  t h e  change i n  output  f l o w  when con t ro l  pressure i s  f i x e d  a t  



RP Load resistance 

F i g u r e  19 Cont ro  I ,  Outpu t  and Load Resis tance 



a constant  value. Then, 

A - Ro - - 
AQo APC = constant  

Graph ica l l y  it i s  t h e  s lope o f  one af t h e  fam l l y  o f  curves o f  t h e  

ou tpu t  cha rac te r i  s t i  cs obta  i ned f o r  d  i f f e r e n t  va l ues o f  APC. Because 

t h e  s lope was cont inuous ly  changing, t h e  res is tances were ca l cu la ted  

a t  t h e  p o i n t  o f  i n t e r a c t i o n  o f  t h e  curve APC = 0 w i t h  t h e  load l ine ,  

t h a t  i s  t h e  opera t  i ng p o i n t  o r  t h e  po i  n t  a t  which t h e  amp l i f  i e r  was 

operated when connected t o  t h e  c i r c u i t .  

Values o f  t h e  o u t p u t  res is tances a re  shown i n  F igure  19. I t  i s  

apparent t h a t  t h e  o u t p u t  res i s tance  cont inuously decreased f o r  increas ing 

temperatures. 

Load Res i stance 

Load res i s tances  were obta ined by inspect ion  o f  t he  ou tpu t  

c h a r a c t e r i s t i c s .  Measuring t h e  s lope o f  t h e  load l i n e  a t  t h e  i n t e r -  
e 

c e p t i o n  p o i n t  w i t h  t h e  l i n e  APC = 0 ,  it was poss ib le  t o  compute t h e  

va l ues o f  t h e  l  oad res is tances f o r  d  i f f e r e n t  temperatures. The 

equat ion  used was 

Values p l o t t e d  i n  F igure 19 show t h a t  the  load res is tance was 

APo - RQ - - 

h i g h l y  decreased f o r  increas ing values o f  temperature, 

(5 .3 )  
AQo Load = constant  



Capacitance 

The equ iva len t  capacitance i s  de f ined as t h e  r a t i o  o f  t h e  trapped 

volume t o  the  absolute s t a t i c  pressure. That i s ,  

c = -  ( f o r  isothermal f l o w )  
'ab 

Because t h e  values o f  pressure depended on the  opera t i ng  po in t ,  

t h i s  p o i n t  had t o  be known t o  f i n d  t h e  values o f  t h e  capacitances. From 

t h e  i n p u t  c h a r a c t e r i s t i c s ,  was obta ined t h e  operat ing p o i n t  f o r  t h e  

c o n t r o l  nozzles, and from t h e  o u t p u t  c h a r a c t e r i s t i c s  t h e  corresponding 

opera t i ng  p o i n t  f o r  t h e  o u t p u t  p o r t s  and loads. Th is  permi t ted  t h e  

e v a l u a t i o n  o f  t h e  con t ro l ,  o u t p u t  and load capacitances. F i n a l l y  t h e  

values o f  t h e  t o t a l  capaci tance CT was obtained. Tofa l  capacitance i s  

def i ned by t h e  r e  l a t  ion: 

where Co i s  t h e  ou tpu t  capaci tance and C, t h e  load capacitance. A t  t h e  

end o f  t h i s  chapter  a re  d e t a i l e d  t h e  values o f  the a m p l i f i e r  and load 

capac i tances f o r  d i f f e r e n t  temperatures. 

I nductance 

The q u o t i e n t  between t h e  product  o f  mass dens i ty  and length t o  t h e  

e f f e c t i v e  c ross  s e c t  i ona l area, i s  def i ned as the i nductance o f  a 

f l u i d i c  device. Hence, 



Temperature and pressure a t  t h e  o p e r a t i  ng poi n t ,  ob ta  i ned as 

. expla ined i n  the  preceding sect ion,  de f ined the corresponding values 

o f  mass dens i ty .  On t h e  o t h e r  hand, t h e  e f f e c t i v e  cross sec t i ona l  area 

was obta ined by t h e  re l a t i o n :  

The constant  area s e c t i o n  o f  t h e  con t ro l  po r t s  was equal t o  

0.032 x 0.046 = 1.472 x 1 0 ' ~  i n2 .  For t h e  output  por ts ,  which had a 

v a r i a b l e  area, it was requ i red  t o  use t h e  formula o f  t h e  e f f e c t i v e  area. 

The va lue  obta i ned was' Aef = 1.770 x lom3 i n2. 

Both c o n t r o l  and ou tpu t  inductances showed decreasi ng values as t h e  

temperature i ncreased. The values a r e  shown a t  t h e  end o f  t h i s  chapter.  

. 
A m o l i f i e r  Pressure Gain G 

The r a t i o  of ' t he  change i n amp l i f,i e r  output  d i f f  e ren t  i a l pressure 

t o  t h e  i n p u t  d i f f e r e n t i a l  pressure i s  def ined as t h e  pressure gain. 

From t h e  t r a n s f e r  c h a r a c t e r i s t i c s  def ined i n t h e  preced i ng chapter,  it 

was p o s s i b l e  t o  o b t a i n  t h e  pressure gain. 

I t  can be concluded t h a t  t h e  slopes o f  t h e  curves were not  constant,  
- 

and t h e r e f o r e  t h e  g a i n  was n o t  constant  e i t h e r .  For t h i s  reason g a i n  

was taken a t  t h e  i n t e r c e p t i o n  o f  t h e  a x i s  (PC' - P and (POR - POL). 
CR 

F igure  20 shows t h a t  pressure ga in  decreased from 5.17 a t  room tem- 

pe ra tu re  down t o  2.9 a t  2000°F. Supply pressure was equal t o  5 ps ig .  



Amplifer Pressure Gain 

Pressure Amplification Factor 

Figure  20 Amp l i f  i e r  Pressure Gain and Pressure Amp l i f  i c a t  ion  Factor  



From Figures 16 t o  18 it i s  apparent t h a t  increasing and decreasing 

t h e  supply pressure, f o r  t h e  same va lue o f  temperature, t h e  pressure 

ga i n i ncreased and decreased . r e s p e c t i v e l y  . 

Ampl i f  i e r  Pressure Amp l i f  i c a t i o n  Factor  Kp 

I 

. The r a t i o  o f  t h e  change i n amp l i f  i e r  ou tput  pressure t o  a change 

i n  c o n t r o l  d i f f e r e n t i a l  pressure a t  a constant  f low, i s  de f i ned  as t h e  

pressure  amp1 i f  i c a t i o n  f a c t o r .  

Through t h e  o u t p u t  c h a r a c t e r i s t i c s  it was poss ib le  t o  f i n d  t h e  

values o f  t h i s  parameter and these values were p l o t t e d  i n  F igure  20, 

APo 
K P  = - 

which shows how Kp i ncreased w i t h  i ncreas i ng temperature. 

(5.8) 

Because t h e  d i s tance  between constant  APC curves i n  t h e  output  

AQo Qo = constant  

c h a r a c t e r i s t i c s  was n o t  constant,  t h e  values o f  Kp were taken a t  t h e  

i n t e r c e p t i o n  poi  n t  o f  t h e  load l i ne w i t h  t h e  curve def i ned by 

APC = 0 ps ig .  

Time Delay 

According t o  Bel s t e r  I  i ng and Tsu i [ I  61  four  separate areas must 

be considered t o  c a l c u l a t e  t h e  t ime delay produced i n  t h e  t ransmiss ion  

o f  t h e  dynamic s igna l .  

A) Due t o  t he  pressure wave propagat ion through the  f l  u id,  t h e r e  

was a de lay  i n  t h e  c o n t r o l  passages g iven by, 



length o f  cont ro l  nozzle 
tl = ve loc i t y  o f  sound + v e l ~ c i t y ~ o f  f low 

B) I n  the  i n te rac t i on  reg ion f l u i d  ve loc i t y  was f a s t  and pressures 

were neg l i g i b l e .  Therefore only t he  t r a n s i t  t ime required from the  

f l u i d  i n  the power stream t o  go from the  power nozzle j u s t  t o  the 

receivers,  was considered. Hence, 

length of i n t e rac t i on  chamber tP = v e l o c i t y  o f . f l u i d  f low 

The v e l o c i t y  o f  the f l u i d  f l ow i n  the  in te rac t ion  chamber was 

found by tak ing  t he  average between the  power j e t  e x i t  ve loc i t y  and t h e  

rece iver  impact ve loc i t y .  

The f i r s t  one i s, 

and a t  the  rece ivers  (consider ing t he  pre'ssure a t  the operating p o i n t  

i n  ps i g ) :  

' 

F ina l  l y  the average ve loc i t y  was taken as 



C )  I n  t h e  output  p o r t s  t h e  same ana lys is  done i n  t h e  c o n t r o l  

nozz l es  was considered. Therefore the re  was a wave propagat ion i n  t h e  

movi ng med i um, o r  

- - length o f  ou tpu t  apertures t3 v e l o c i t y  o f  sound t v e l o c i t y  o f  f l u i d  f low 

D) I n  t h e  ex terna l  c i r c u i t ,  because t h e  area was considerably 

l a r g e r  than t h e  ou tpu t  apertures,  t h e  f l u i d  v e l o c i t y  was ve ry  low. 

The t ransmiss ion  was p r i m a r i  l y  by wave propagation. Then, 

t" = length  o f  o u t p u t  c i r c u i t  
v e l o c i t y  o f  sound 

I n  t h i s  formula t h e  length o f  t h e  output  c i r c u i t  was taken equal 

t o  t h e  d is tance from t h e  ex terna l  end o f  t h e  output  rece ive rs  up t o  

t h e  t a p s  f o r  measuri ng t h e  ou tpu t  pressure. Th is  d is tance was equal 

t o  1.45 in.  No t ime  delay was considered due t o  t h e  tubes f o r  measuring 

t h e  i n p u t  and ou tpu t  pressure. Because both tubes had t h e  same length 

t h e  delay was t h e  same on both l i n e s .  

The sum o f  t h e  f o u r  t imes del ays previ'ous l y  considered gave t h e  

+;ial t ime delay td. A t  t h e  end o f  t h i s  chapter, t h e  t o t a l  t ime  delays 

are  spec i f i ed .  These values showed decreasing values f o r  increas ing 

temperatures. Sma l I  i ncrement o f  t h e  t ime delay was found from 1500°F 



F igu re  21 L i n e a r  Range V a r i a t i o n  w i t h  Temperature 
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Linear  Ranqe 

I t  i s  important  t o  ment ion t h a t  t h e  l i n e a r  range o f  t h e  a m p l i f i e r  

i n d i c a t e d  i n  F igu re  21 was a lmost  constant,  p a r t i c u l a r l y  frcm 500 t o  

2000°F. Also from Figures 16 t o  18 it can be deduced t h a t  t h e  l i near 

range was enlarged f o r  h i g h e r  supply pressures and lowered f o r  t h e  

oppos i t e .  

N u l l  S h i f t  

N u l l  s h i f t  i s  de f ined as t h e  d i f f e r e n t i a l  ou tpu t  pressure requ i red  

f o r  ze ro  c o n t r o l  d i f f e r e n t i a l  pressure o r  as t h e  d i f f e r e n t i a l  c o n t r o l  

p ressure  f o r  zero d i f f e r e n t i a l  o u t p u t  pressure. Th is  a m p l i f i e r  

parameter was a f f e c t e d  by t h e  v a r i a t i o n  o f  t h e  temperature. VaIues.of 

t h e  n u l l  s h i f t  a r e  shown i n  F igure  22 which ind ica tes  a random 

d i s t r i b u t i o n  as f u n c t i o n  o f  t h e  temperature. 

Parameters Va l ues 

The next  t a b l e  i s  a summary o f  t h e  values obtained through t h e  

s t a t i c  t e s t  o f  t h e  a m p l i f i e r .  Values not  explained i n  t h i s  chapter  

w i l l  be considered i n  t h e  f o l l o w i n g  one. 



Table I 

Amp1 i f  i e r  Parameters Values 

Temperature O F  

Parameter 70 500 1000 1 500 1800 2000 

l nput  r e s i s t .  

Output res  i s t .  

Load r e s i s t .  

l b  sec I 

l nput  capac. 

Output capac. 

Load capac. 

i n5 ca C ~ I  X l o5  2650 2693 2718 2756 2775 2774 

Tota l capac. 

i n5 cT [,I x lo5  1327 1349 136 1 1381 1390 1389 

Tube capac. f o r  
o u t p u t  press. 
measurement 



Temperature O F  

Parameter . 50 500 1000 1500 1800 2000 

Comp l e t e  capac. 

i n 5  c1 c-I 105 T I b  
3032 3076 3103 3147 3169 3169 

l nput induct. 

Output i nduct . 
2.88 1.71 1.00 0.74 0.64 0.57 

Pressure ga i n 

G 5.18 4.98 4.20 3.90 3.20 2.90 

Pressure amp l i - 
f i c a t i o n  f a c t o r  

" . 
Tota l  t ime delay 

Table I (cont inuat ion)  

Amp1 i f  i e r  Parameters Values 



CHAPTER V I  

EXPERIMENTAL DETERMINATION OF THE AMPLIFIER DYNAMIC RESPONSE 

The experimental frequency response o f -  t he  a m p l i f i e r  was conducted 

f o r  t h e  same temperatures as t h e  s t a t i c  response was p rev ious l y  considered. 

A t h e o r e t i c a l  dynamic response was computed based on t h e  parameters 

obta ined through t h e  experimental s t a t i c  response. Th is  al lowed p l o t t i n g  

o f  t h e  t h e o r e t i c a l  Bode p l o t s  f o r  t h e  system, and pe rm i t ted  t h e  t h e o r e t i c a l  

values t o  be compared w i t h  those obta ined by experimentat ion. 

To perform t h e  dynamic response it was necessary t o  design a 

s i nusoi da l s igna l  generator.  A schematic representat  i o n  o f '  t h e  dynamic 

t e s t  c i r c u i t  i s  shown i n  F igu re  23. 

Design o f  t he  Sinusoidal  Signal Generator 

The s igna l  generator  cons is ted  main ly  o f  two nozzles and a r o t a t i n g  

p l a t e .  I t  was mounted on top o f  t h e  a m p l i f i e r  as shown i n  Figures 24 ' 

and 25. I n  F igure  25 t h e  mai n dimensions o f  t h e  generator  are presented. 

Two important  speci f i c a t  ions were requ i red i n the  des ign o f  t h e  generator :  

A )  I t  had t o  be located i n s i d e  t h e  oven. 'Shor t  tubes from t h e  

generator  nozzles t o  t h e  c o n t r o l  p o r t s  were obtained i n  t h a t  way. Tota l  

tube length  was equal t o  9 in .  

B) The generator  had t o  have a la rge range o f  f requencies ava i l ab le .  

Because it was n o t  possi  b l e  t o  support  t h e  s h a f t  w i t h  a bear ing  i n s i d e  

t h e  oven, the  speed o f  t h e  motor used t o  r o t a t e  the  d i s c  t o  produce t h e  

v a r i a b l e  pressure was l im i ted .  Therefore a wobble p l a t e  was used t o  



F igu re  23 Schematic Diagram of t h e  Dynamic Test  Ci rcui t 





Figure  25. Schematic Diagram .o f  t he  Signal Generator 

C 



genera te  low frequency s i g n a l s  and a notched p l a t e  f o r  h igh  frequencies. 

F i g u r e  26 shows both  p la tes .  Reference C14] was usefu l  i n  designing t h e  

nozz les  and t h e  p la tes .  
. . 

The two nozzles had a d iameter  dl equal t o  0.125 in .  The diameter 

d2 of t h e  nozzle chamber was equal t o  0.125 in. A r e s i s t o r  located a t  

t h e  bot tom o f  t h e  chamber was designed w i t h  a diameter equal t o  0.0937 

in. The d iameter  o f  t h e  nozzles was taken equal t o  0.125 i n  because 

t h i s  was a l s o  t h e  w id th  o f  t h e  notches on t h e  circumference described 

by t h e  nozzles when t h e  p l a t e s  r o t a t e d  on top  o f  them. 

Because t h e  p l a t e s  were t o  be interchangeable, t h e  number o f  notches 

was taken  equal t o  f i f t e e n .  I n  t h a t  way, : the nozzles being 180' from 

each o the r ,  when t h e  h ighes t  pressure was a t  one o f  t h e  nozzles, t h e  

lowest  was a t  t h e  other, us ing  e i t h e r  t h e  notched o r  t h e  wobble p l a t e .  

The o t h e r  poss ib le  va lue f o r  t h e  number o f  notches was f o r t y - f i v e .  

Th is  va lue  was r e j e c t e d  because t h e  diameter o f  t he  p l a t e  would have 

been t o o  large. 
- - -  

The d is tance between t h e  nozzles and t h e  p l a t e s  was s e t  w i t h  a 

micrometer located on t h e  top  end o f  t h e  p l a t e  shaf t .  Th is  adjustment 

p e r m i t t e d  s e t t i n g  o f  t h e  ampli tude o f  t h e  i npu t  s igna l  and permi t ted  

readjustment  t o  compensate f o r  changes due t o  temperature and frequency, 

The s i g n a l  generator  was b u i l t  o f  s t a i n l e s s  s tee l  RA 330. 

Based on t h e  l umped parameter technique developed by Boothe [ I  51, 

B e l s t e r l  ing  and Tsui [ I 6 1  worked o u t  an analogy between a d i f f e r e n t i a l  

e lecb-ronic a m p l i f i e r  and t h e  beam d e f l e c t i o n  amp l i f i e r .  As a f i n a l  

r e s u l t  t h e  c i r c u i t  shown i n  F igure  27 was presented. 







The t r a n s f e r  func t i on  o f  t h e  a m p l i f i e r  i s :  

Values a t  t h e  end o f  Chapter V were used i n  t h i s  equat ion w i t h  t h e  

c o r r e c t i o n  mentioned below. I n  t h i s  formula w i t h  t h e  except ion o f  t h e  
-std 

te rm e  , t h e  o the r  p a r t  i s  t h e  minimum phase t r a n s f e r  f u n c t i o n  o f  

t h e  sys-fem. Therefore s u b s t i t u t i n g  s  = j u = Z j x f  it was poss ib le  t o  

p  l o t  t h e  t h e o r e t i  ca l frequency response. 

Even though t h e  length  o f  a l l  t h e  tubes was reduced as much as 

possib le,  it was necessary t o  run  them a c e r t a i n  d is tance t o  avoid 

temperature e f f e c t s ,  p a r t i c u l a r l y  upon t h e  pressure transducers. Th is  

produced a considerable e f f e c t  on t h e  amp1 i f  i e r  ga in  and phase angle. 

Therefore i n  t h e  t h e o r e t i c a l  ana lys i s  o f  t h e  frequency response 

it was necessary t o  inc lude t h e  capaci t a k e  of t h e  o u t p u t  pressure 

measurement l i nes. A b e t t e r  c o r r e  l a t i  on between t h e o r e t  i ca l and exper i - 
mental values o f  frequency response, was obtained w i t h  t h i s  c o r r e l a t i o n .  

Th is  means t h a t  t h e  c i r c u i t  o f  F igure  27 was modi f ied  i n  t h e  f o l l o w i n g  

way : 



F igu re  28. Mod i f i ca t i on  on High Frequencies 
Equ iva len t  C i r c u i t  

Wi th t h i s  new c o n f i g u r a t i o n  o f  t h e  c i r c u i t  t h e  new t o t a l  capacitance, 

de f i ned  as t h e  complete capacitance C i  was used i n  formula (6.1) ins tead 

o f  CT. . The va l ue o f  C1 was equal t o :  T 

where C' i s  t h e  capacitance o f  t h e  o u t p u t  pressure measurement l i nes, 

ob ta ined accord i n g  t o  formu l a  (5.15). Values o f  C1 and C; a re  g iven a t  

t h e  end o f  Chapter V. 

The e f f e c t  o f  t h e  dead t ime  was t o  delay t h e  o u t p u t  wave a f i x e d  

t ime  w i t h o u t  a f f e c t i n g  the  amplitude, Thereby the re  was a phase s h i f t  

depending on t h e  frequency o f  t h e  s i n e  wave. I n  f a c t , ' t h e  phase s h i f t  

was a l i n e a r  func t ion ,  g i ven  by . 

a = 360 x f x td (degrees) 

which ' i s  l o g i c a l  because i f  the  frequency was I cps and the  t o t a l  t ime  

delay I sec t h e  wave was s h i f t e d  by 360'. I n  t h e  preceding chapter  t h e  

a n a l y s i s  o f  t h e  d i f f e r e n t  t ime  delays was performed. 

, 



During t h e  dynamic response t e s t  t h e  supply pressure was h e l d  equal 

t o  5 ps ig .  The supply pressure f o r  t h e  s igna l  generator was kept  a t  a 

value c lose  t o  t h e  a m p l i f i e r  supply pressure. . F i n a l l y  the  d is tance from 

t h e  genera tor  nozzles t o  t h e  r o t a t i n g  p l a t e s  was adjusted i n  o r d e r  t o  

o b t a i n  a d i f f e r e n t i a l  c o n t r o l  pressure t h a t  always var ied  between -0.15 

and +0.15 psig, keeping a l s o  a b i a s  pressure equal t o  0.5 psig. 
.. . 

The dynamic t e s t  c i r c u i t  a l s o  inc luded two pressure transducers. 

CaI i b r a t i o n  charts f o r  bo th  o f  them are  g iven i n  Appendix A. A pressure 

transducer, Statharn TM 131,. was used f o r  i n p u t  s igna l  and a Consol i d a t e  

E I  ectrodynami cs Corp: (CEC) 4-3 12-0002 f o r  t he  output  s  i gna l s. 

Data were recorded w i t h  a t ype  502 A dua I  beam osc i  l loscope and a 

& 12 camera, both manufactured by Tex t ron ix  I nc. I t  i s  important t o  

note t h a t  t h e  upper beam (ou tpu t  s i g n a l )  always showed a.0.3 cm delay 

on t h e  screen. Therefore a1 l values o f  ou tpu t  s igna ls  were. advanced 

by t h i s  d i  f f e rence  t o  o b t a i n  the  r i g h t  measurements. Before t a k i n g  

any da ta  both  osc i l l oscope  beams were c a r e f u l l y  ca l i b ra ted .  

With t h e  a i d  o f  t h e  camera several  p i c t u r e s  o f  i npu t  and o u t p u t  

i 
s i g n a l s  were taken. Some o f  them a re  presented i n  Figures 29 t o  31, 

Also from these p i c t u r e s  the  experimental values o f  t h e  frequency 

response were o b t a i  ned and f i nal l y  p l o t t e d  i n  Figures 32 t o  37. These 

p l o t s ,  where t h e  t h e o r e t i c a l  dynamic response was a l s o  drawn in, show 

the  good c o r r e l a t i o n  obta ined between experimental and t h e o r e t i c a l  

values. Most d i f f e rences  are  due probably t o  t h e  in f luence o f  t h e  

d i f f e r e n t  tube l i nes .  Another source o f  e r r o r  could be t h a t  t h e r e  was 

no t  cons ide ra t i on  o f  t h e  e f f e c t s  o f  the  vents i n  t h e  t r a n s f e r  func t i on .  



TOP: Output - 
Sweep : 50 m sec/cm 

Amplitude: 0.5 m V/cm 

BOTTOM: Inpu t  

Sweep : 50 m sec/cm 

Amplitude: 0.2 m V/cm 

.70°F - 18 cps - wobble p l a t e  

TOP: Output - 
Sweep : 20 m sec/cm 

Amplitude: 0.5 m V/cm 

BOTTOM: l nput  

Sweep : 20 m sec/cm 

Amplitude: 0.2 m V/cm 

500°F - 58 cps - wobble p l a t e  

F igure  29. lnpul- - Ou-i-put Signals - Dynamic Response (70 and 500°F) 



TOP: Output - 
Sweep : 20 m sec/crn 

Amplitude: 0.2 rn V/cm 

BOTTOM: lnpu t  

Sweep : 20 rn sec/cm 

Amplitude: 0.2 m V/cm 

10QO°F - 45.5 cps - notched p l a t e  

TOP: Output - 
Sweep : 10 m sec/cm 

Amplitude: 0.2 m V/cm 

BOTTOM: Input  

Sweep: 10 m sec/cm 

Amplitude: 0.2 m V/cm 

I50O0F - 66.6 cps - notched p l a t e  

Figure 30 . lnput  - Output S i  gna I s  - Dynamic Response ( 1000 and 150O0F) 



TOP: Output - 
Sweep : 50 rn sec/crn 

Amplitude: 0.5 rn V/crn 

BOTTOM: lnput  

Sweep : 50 rn sec/crn 

Amplitude: 0.2 rn V/crn 

1800°F - 16.6 cps - wobble p l a t e  

TOP:. Output - 
Sweep : 2 rn sec/crn 

Amplitude: 0.2 rn V/cm 

BOTTOM: lnput  

Sweep : 2 rn sec/cm 

Amplitude: 0.2 rn V/crn 

2000°F - 208 cps - notched p I a t e  

F igu re  31 . input  - Output Signals - Dynamic Response ( 1  800 and 2000°F) 
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A I  so from t h e  p i c t u r e s  taken a t  d i f f e r e n t  temperatures and 

f requencies it was poss ib le  t o  observe t h e  presence o f  no ise  i n  both 

i n p u t  and o " t p u t  s igna ls .  I n  t h e  i n p u t  s igna l  t h e  noise was due t o  

some v i b r a t i o n  a f f e c t i n g  t h e  r o t a t i n g  p l a t e ,  I n  t h e  ou tpu t  s igna l  

t he  no ise  was due p a r t i c u l a r l y  because t h e  load l i n e  was c lose  t o  t h e  

unstab l e reg ion  p a r t i  cu l a r  l y a t  room temperature. Th i s f a c t  'was 

a l ready mentioned i n  Chapter I V .  Noise l i m i t e d  t h e  h ighes t  value a t  

which t h e  frequency response cou.ld be checked. As temperature increased 

t h e  no ise  i n  t h e  ou tpu t  s igna l  was reduced and the re fo re  t h e  amp1 i f  i e r  

cou ld  be t e s t e d  f o r  a longer frequency range. Sharp edges and rough 

s u r f  aces were poss i b l y another  source o f  noise i n t h e  frequency response. 



CHAPTER V 1 1  

CONCLUSIONS AND RECOMMENDATIONS 

The d i f f e r e n t  researchers a l ready ment i oned i n previous chapters, 

found a la rge v a r i e t y  i n  a m p l i f i e r  parameters, c h a r a c t e r i s t i c  curves 

and frequency response depending upon t h e  a m p l i f i e r  design. Th is  says 

t h a t  t h i s  t h e s i s  r e l a t e d  w i t h  o n l y  one f l u i d i c  a m p l i f i e r  cannot g i v e  

general conclusions, b u t  it prov ides  a good s t a r t i n g  p o i n t  f o r  f u r t h e r  

i n v e s t i g a t i o n s .  

S t s t i c  response w i t h  normalized data showed t h a t  it i s  poss ib le  t o  

p r e d i c t  va lues o f  t h e  i n p u t  c h a r a c t e r i s t i c s  f o r  d i f f e r e n t  temperatures, 

b u t  t h i s  cannot be done f o r  o u t p u t  c h a r a c t e r i s t i c s  where d i s s i m i l a r  values 

f o r  t h e  temperature range considered were found, Therefore it i s  nec- 

essary t o  per form 'the s t a t i c  amp l i f i e r  t e s t  over i t s  comp l e t e  range o f  . 
opera t  ion.  

Amp l i f i e r  parameters were i n genera l a f fec ted  by temperature. 

A m p l i f i e r  l i n e a r  range was probably t h e  most constant parameter f o r  t h e  

temperature range cons i dered . 
Even though it was poss ib le  t o  increase t h e  pressure ga in  a t  room 

temperature t a k i n g  Ps = 8 ps ig,  T h e  same incremental increase was no t  

found a t  2000°F. Th is  says t h a t  i nc reas ing  t h e  supply pressure and 

t h e r e f o r e  t h e  mass f low a t  h igh  temperatures, the  a m p l i f i e r  ga in  was 

n o t  apprec iab ly  increased, 

The frequency response t e s t  can be considered successfu l .  Values 

f o r  o t h e r  temperatures no t  considered i n  the  experiment can be pred ic ted,  



An excellent correlation between experimental and theoretical values 

was found at room temperature. For other temperatures the values can 

be consi dered very we1 l approximated to those predicted by theory. 

Larger discrepancies were observed for the amplitude ratio at 1000 and 

1 500°F. Th i s success i n the dynami c test also ver i f i ed the static re- 

sponse and consequently the amplifier parameters evaluated. 

The signal generator showed excellent results. The behavior of 

the wobble plate was already known but not that of the notched plate. 

Even though the last one was more difficult to level inside the oven 

and to machine because the depth of the notches had to be same with 

good accuracy, the notched plate's advantages of lower speed required, 

as compared to the wobble plate, can be taken in consideration for 

further research. 

The material used (RA 330) was also very appropriate for this 

investigation and it is recommended in the future. The values of the 

mean coefficient thermal expansion for this material, from 70 to 1800°F, 

is equal to 10.2 x in/in°F [17]. Therefore variations with tern- 
P 

perature of the amplifier parameters, due to changes in amplifier 

dimensions, could be neglected. These variations could. be considered 

most1 y due to changes in air 'temperature, density and pressure. 

It is important to mention that a better construction of the 

amplifier profile could have given better results. An etched profile 

is recommended. Rough surfaces and sharp edges were probably the 

the cause of noise in the amplifier. This, logically, affected the 

dynam i c response. 



The e x c e l l e n t  r e s u l t s  ob ta ined from t h e  braz ing  process and t h e '  

metal f i l l e r  used i n  t h i s  p r o j e c t  a r e  important t o  be mentioned. 

F i n a l l y  t h e  development of a complete theory t o  p r e d i c t  a m p l i f i e r  

parameter and performance, i s  required.  Also t h e  t e s t  o f  t h e  a m p l i f i e r  

as a p a r t  o f  a  complete f l u i d  system i s  l e f t  f o r  f u r t h e r  i nves t i ga t i ons .  

These a r e  the re fo re  new cha l lenges t o  con t ro l  and f l u i d i c  researchers. 
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APPEND l X A 

EXPERIMENTAL APPARATUS 

Oven - 
Tests were performed u s i  ng an AMACO HF 65 k i  l n w i t h  t h e  f o l  lowing 

chamber dimensions: I  I x I  I x I  l i n. Temperatures i n  t h e  chamber were 

k e p t  w i t h i n  c e r t a i n  to le rances around t h e  s e t t i n g  temperature by us ing  

a bang-bang c o n t r o l l e d  system. ' 

For t h e  c a l i b r a t i o n  o f  t h e  oven two chromel-alumel thermocouples 

were used. One o f  Shem was s e t  a t  t h e  center  o f  t h e  chamber; t h e  o t h e r  

was touch ing one o f  t h e  s i d e  wal ls .  Due t o  t h e  large volume o f  t h e  

chamber, t h e  lowest temperature occurred j u s t  a f t e r  t h e  power was on and 

t h e  h i g h e s t  a f t e r  t h e  power*was o f f .  Almost no d i f f e r e n c e  was found i n  

t h e  thermocouples1 readings. 

A f t e r  c e r t a i n  t ime  (15 minutes) t h e  temperature i n  t h e  chamber 

became more s t a b l e  and t h e  v a r i a t i o n s  were w i t h i n  t20°F. For h igher  

temperatures ( 1500°F up) t h i s  v a r i a t i o n  was smal ler .  F igure 38 shows 

t h e  ca I i bra ted oven temperature. 

Flowrnstars . ,  

Volumetr ic f low measurements were taken w i t h  f i v e  Monostat f lowmeters 

(36-54 1-23) and values were o b t a i  ned using pred i c t a b i  l  i t y  cha,rts [ 181. 

For sma l le r  f lows, Monostat f lowmeters (36-541-14) were used. A 

c a l  i b r a t i o n  curve f o r  each model and f o r  t h e  cond i t ions  o f  t he  f low 

(T = 70°F; P = I atm) are g iven i n  F igures 39 and 40. 



TEMPERATURE CONTROLLED SETTING - OF 

F i g u r e  38 Calibration Data of  t h e  Oven 

I 



Model 36-541 - I4 

VOLUMETRIC FLOW x 10' (SCFM) 

Figure 39 Predictability Flowmeter Calibration Curve 
(NO. 36-54 1 -  14) 

r 



VOLUMETRIC FLOW - (SCFM) 

Figure  40 Predictability Flowmeter Calibration Curve 
(NO. 36-541-23) 



The volume of a i r  when f towing a t  o ther  than standard cond i t ions ,  

was c a l i b r a t e d  from t h e  colume a t  standard cond i t ions  by means o f  t h e  

equat ion  : 

where: 

Q = volume o f  a i r  measured and f l ow ing  a t  standard c o n d i t i o n s  

(as g i ven  i n  t h e  cat i b r a t i o n  curve) 

P = abso lu te  pressure o f  a i r  f l o w i n g  i n  p s i a  

T = absolute temperature o f  a i r  f l ow ing  i n  OR.  

The accuracy o f  these meters i s  w i t h  i n 2% f u  l l scale. 

Pressure Gages ' 

Two pressure gages were used i n  t h i s  research. Because each one 

was used t o  measure one predetermined value o f  t h e  pressure, it was not  
5 

necessary t o  perform t h e  overa l  l range ca l  i b ra t i on .  Only t h e  two 

va l  ues o f  pressure were checked u s i  ng a water o r  mercury manometer. 

Potent iometers 

Doub l e range potent iometer  i ndi c a t o r s  (No. 8 6 5 7 4 )  where used f o r  

a i r f l oi! temperature measurements. These i nstruments a re  manufactured 

by Leeds and Northrup Company. Measurements were performed according 

t o  t h e  manufacturer 's  i n s t r u c t i o n  manua I  [19]. 



Osc i l l oscooe and Camera 

A 502A, dual  beam model osc i l l oscope  and a C-12 camera, both 

manufactured by Tekt ron ix  I nc., were used dur ing  t h e  dynamic t e s t  o f  

t h e  a m p l i f i e r .  C a l i b r a t i o n  o f  bo th  beams was done us ing t h e  c a l i b r a t o r  

swi tch .  The 0.3 cm del  ay i n ' the upper beam was a l ready mentioned i n 

Chapter V 1  . 

Pressure Transducers 

The dynamic a m p l i f i e r  t e s t  c i r c u i t  included a l s o  two pressure 

t ransducers.  On t h e  c o n t r o l  l i n e  a Statham TM 131 was connected and 

. on t h e  o u t p u t  l i n e  a CEC 4-312-0002, manufactured by Consol idate 

Electrodynamic Corp., was se t .  Even though both were usefu l  f o r  a 

range 0-25 p s i g  d i f f e r e n t i a l  pressure, they  were l i n e a r  a l s o  f o r  t h e  

low pressure  range cons i dered. Ca 1 i b ra ted  va I ues f o r  t h e  r e  l a t  i on  

pressure-vol  tage a r e  presented i n F igure  4 1 . 
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ABSTRACT 

A h igh  temperature s k i n  f r i c t i o n  meter system has been developed 

f o r  d i r e c t  measurement o f  s k i n  f r i c t i o n  fo rce  on a hypersonic ramje t  

i n  ac tua l  f l i g h t  o r  f o r  wind tunnel  experimentat ion. A c losed loop 

system i s  requ i red  t o  meet t h e  s p e c i f i c a t i o n s .  

An i n t e g r a l  u n i t  c o n s i s t i n g  o f  a h igh  temperature torque motor 

and displacement transducer i s  designed f o r  minimum power d i s s i p a t i o n  

and t o  meet d e f i n i t e  s i z e  and torque s p e c i f i c a t i o n s .  The u n i t  i s  

capab l e  o f  opera t  i ng i n a 2000°F susta i ned temperature envi ronment. 

App l ica t ions  o f  h igh  temperature ma te r ia l s  and t h e i r  assembly f o r  an 

experimenta l uni t are  presented. 

Experimental and a n a l y t i c a l  r e s u l t s  on the  f i n a l  h igh  temperature 

motor-transducer assembly and c losed loop system design show t h a t  t h e  

system meets the  s ize,  torque, displacement e r r o r ,  and temperature 

s p e c i f i c a t i o n s .  Resul ts  on t h e  closed loop system employing a 

molybdenum-wire motor a re  presented f o r  temperatures up t o  1900°F. 
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motor torque constant 

inductance c o r r e c t i o n  f o r  a c o i l  w i t h  appreciable 
r a d i a l  th ickness 

overa l 1 co i  1 I  ength 

armature inductance 

f i e l d  inductance 

co i  l i nductance 

c o i l  s e l f  inductance 

a x i s  about which rectangular  c u r r e n t  loop i s  ro ta ted  

mutual inductance 

mutual inductance between f i e l d  and armature c o i l s  

I ~ ( j w / ~ ( j w ) l ~ ~ ~ ;  amplitude of closed loop frequency 

response peak 

r a t i o  o f  t h e  peak overshoot t o  the  step input  

u n i t  normal vec tor  o f  magnetic f i e l d  

number o f  equal turns on a c o i l  
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CHAPTER I 

INTRODUCTION 

Th is  t h e s i s  presents data on an e l e c t r i c a l  s k i n  f r i c t i o n  meter 

designed t o  meet t h e  h o s t i l e  environmental s p e c i f i c a t i o n s  o f  h igh  

speed a i r c r a f t  f l i g h t  cond i t ions ,  e.g., 2000°F. Exper imenta l j  

a n a l y t i c a l ,  and design data are  presented on a closed loop system. 

A h igh  temperature motor-transducer a i r - co re  u n i t  i s  employed which 

s a t i s f i e s  the  temperature s p e c i f i c a t i o n s  t o  1400°F. 

The need f o r  such a meter has a r i s e n  from e f f o r t s  t o  measure t h e  

i n - f l i g h t  t h r u s t  o f  a rocke t  o r  j e t  engine. I n  an at tempt t o  c o r r e l a t e  

t h e o r e t i c a l  parameters w i t h  the  ac tua l  f l i g h t  cond i t ions ,  d i r e c t  

measurement o f  aerodynamic s k i n  f r i c t i o n  drag i s  necessary. I t  i s  

desi red t h a t  t he  sensor operate a t  t he  local  temperature so t h a t  

thermal g rad ien ts  w i l l  no t  a f f e c t  t he  s k i n  f r i c t i o n .  

The s k i n  f r i c t i o n  meter i s  t o  be used t o  make t h r u s t  measurements 

of a ramje t  engine mounted below a h igh  speed experimental a i r c r a f t  

a t  a l t i t u d e s  up t o  123,000 f e e t  and a t  speeds up t o  Mach 8. Appl ica-  

t i o n  a l s o  e x i s t s  f o r  wind tunnel  exper imentat ion on h igh  speed models. 

Although no exact  s p e c i f i c a t i o n s  have been w r i t t e n ,  t he  f o l l o w i n g  

speci f i c a t i o n s  [ I ]  have been estab l i shed t o  guide the  development o f  

the  s k i n  f r i c t i o n  meter: 

I . )  Force measurement range: The meter i s  t o  be capable o f  

measuring a fo rce  i n  t he  range o f  0.7 t o  7 mi l l ipounds.  



2 . )  The meter must w i t hs tand  sus ta i ned  ambient temperatures 

o f  2000°F. F l i g h t  d u r a t i o n  w i l l  be approx imate ly  700 sec.  

3 . )  V i b r a t i o n :  The meter  i s  t o  be capable o f  o p e r a t i n g  i n  

env i ronmenta l  l e v e l s  o f  0.06 inch double amp l i tude  a t  

10-55 Hz and 10 g v i b r a t i o n  f rom 55 Hz t o  2000 Hz. 

4 . )  Acce le ra t i on :  The maximum t r a n s l a t i o n  a c c e l e r a t i o n  a t t a i n e d  

i n  t h e  d i r e c t i o n  o f  f l i g h t  i s  3.5 g. 

5 . )  Space requi rements :  The l i m i t i n g  dimension i s  t h e  h e i g h t  

( d i s t a n c e  f rom s k i n  t o  j e t  nozz l e )  which i s  2 inches. The 

o t h e r  two dimensions may be somewhat l a r g e r .  

6 . )  A v a i l a b l e  power: The power s u p p l i e s  a v a i l a b l e  i n  t h e  

X-15A-2 a i r p l a n e  a r e  as f o l l o w s :  

a.c. :  3 phase, 115 V (+  I I V ) ,  400 Hz (+  4 Hz) 

d.c.: 28 v o l t s  nominal, v a r i e s  f rom 24 t o  31 v o l t s ,  

r i p p l e  i s  + 0.5 V a t  2400 Hz, maximum o f  10 

amps a v a i l a b l e  f rom each source. 

7 . )  The maximum d e f l e c t i o n  o f  t h e  " t a r g e t "  must n o t  exceed 0.0005 

inch.  The t a r g e t  i s  a smal l  area o f  t h e  a i r c r a f t  s k i n  which 

i s  f r e e  t o  move when ac ted  upon by a f r i c t i o n  drag f o r c e .  

A b a s i c  diagram o f  t h e  system i s  shown i n  F i gu re  I [ I ] .  The 

motor-sensor assembly i s  an a i r  co re  dev ice,  i .e . ,  no fe r romagnet i c  

m a t e r i a l  i n  t h e  su r round ing  medium. A i r  i s  used as t h e  medium because 

t h e r e  e x i s t s  no fe r romagnet i c  m a t e r i a l  w i t h  a C u r i e  temperature above 

2050°F. I n  a d d i t i o n ,  w i t h  no fe r romagnet i c  m a t e r i a l  present ,  t h e  f l u x  



Air  Flow 
-* 

Ramjet Sk in  

FIGURE I ,  Schematic Diagram o f  Closed Loop System f o r  Measuring Sk in  
F r i c P i o n  



i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c u r r e n t .  Hydrous aluminum s i l i c a t e  

( l a v a )  i s  t h e  b a s i c  c o n s t i t u e n t  used f o r  t h e  c o i l  forms, w h i l e  ceramics 

a r e  used n o t  o n l y  f o r  t h e  f l e x u r e  s t r u c t u r e  b u t  a l s o  f o r  encapsu la t i on .  

Molybdenum w i r e  i s  used w i t h  a  q u a r t z  f i b e r  i n s u l a t i o n .  

The system employs t h e  f l o a t i n g  element techn ique  i n  which a 

smal l  p o r t i o n  o f  t h e  a i r c r a f t  s k i n  i s  suspended so t h a t  i t  w i l l  

move when ac ted  upon by a  drag f o r c e .  The f l o a t i n g  element ( o r  t a r g e t )  

i s  suppor ted by a  f l e x u r e .  The f l e x u r e  p rov i des  a  f r i c t i o n l e s s  suppo r t  

and a  l i n e a r  c o n s t r a i n i n g  fo rce .  S ince parameters w i l l  va r y  w i t h  

changes i n  temperature,  t h e  system has been designed f o r  c l osed  loop 

o p e r a t i o n  t o  m in im ize  e f f e c t s  o f  t h e  changes. A f r i c t i o n  drag f o r c e  

w i l l  i n i t i a t e  a d isp lacement  o f  t h e  f l e x u r e  and t r ansduce r .  The 

t r ansduce r  produces an e l e c t r i c a l  s i g n a l  p r o p o r t i o n a l  t o  t h e  d i sp l ace -  

ment. The e l e c t r i c a l  s i g n a l  i s  a m p l i f i e d  t o  d r i v e  t h e  motor  and 

r e t u r n  t h e  arm t o  t h e  nu1 I p o s i t i o n .  The motor and t r ansduce r  a r e  

i n t e g r a t e d  as a  s i n g l e  u n i t .  Force measurements a r e  ob ta i ned  by 

obse rv i ng  motor  armature cu r ren t ,  because motor  f o r c e  i s  p r o p o r t i o n a l  

t o  motor c u r r e n t  i n  a  l i n e a r  system. Accuracy depends on motor  

c a l i b r a t i o n  and loop ga in .  

P r e  l  i m i nary  i nves t  i g a t  i on o f  t h e  a  i r -co re  mode l  by Seemu l  l e r  121 

i n d i c a t e d  t h a t  t h e r e  was l i t t l e  change i n  t h e  motor t o r q u e  cons tan t  

up t o  1 300°F. Lead c o n t a c t  poo ls ,  which were used t o  conduct  t h e  

armature c u r r e n t ,  acqu i red  a  heavy l aye r  o f  ox i de  a t  h i g h  temperatures 

and prevented f r e e  movement o f  t h e  armature above t h i s  temperature.  



However, t h e  da ta  were r e l i a b l e  enough t o  j u s t i f y  a  c o n t i n u a t i o n  o f  

t h e  work as r epo r t ed  here.  

Research has been conducted [ 3 ]  on t h e  development o f  a  gas 

bear  i ng wh i c h  cou l  d  rep lace t h e  f l exu re  p r e s e n t l y  used. The gas 

bea r i ng  w i l l  p r o v i d e  a  n e a r l y  f r i c t i o n l e s s  suppor t  w i t h o u t  add ing  a  

c o n s t r a i n i n g  f o r c e  t o  t h e  system. 

A l though i t  does n o t  appear a t  t h i s  t i m e  t h a t  t h e  gas b e a r i n g  

can be i nco rpo ra ted  i n t o  t h e  motor-sensor developed, o t h e r  f l e x u r e s  

a r e  be ing  i n v e s t i g a t e d .  Among those  i n  c o n s i d e r a t i o n  i s  a  h i g h  

temperature s t a i n l e s s  s t e e l  f l e x u r e  developed f o r  use i n  t h e  pneumatic 

v e r s i o n  o f  t h e  s k i n  f r i c t i o n  meter  C41. The s p r i n g  cons tan t  i s  

approx imate ly  t h e  same as t h a t  o f  t h e  two-support  f l e x u r e  used i n  t h i s  

system. I t  i s  a l s o  capable  o f  suppo r t i ng  t h e  mass i n  a  v i b r a t i o n s  

and a c c e l e r a t i o n  f i e l d  as s p e c i f i e d .  

U t i l i z a t i o n  o f  any o f  these  f l e x u r e s  r e q u i r e s  t h e  use o f  

coun te rba lanc ing  techniques,  because t h e  a c c e l e r a t i o n s  and v i b r a t i o n s  

o f  t h e  a i r c r a f t  w i l l  cause ou tpu t s  due t o  t h e  i n e r t i a s  o f  t h e  f l o a t i n g  

element and suppor t  arm. These ext raneous ou tpu t s  may mask t h e  

readouts  o f  t h e  drag f o r c e  t o  be measured. Counterba lanc ing techn iques  

[5] w i l l  make t h e  meter i n s e n s i t i v e  t o  bo th  l i n e a r  and angu la r  acce le ra -  

t i o n s  o f  t h e  v e h i c l e .  

Work i s  p r e s e n t l y  be ing  done on t h e  development o f  a  t h ree -suppo r t  

f l e x u r e  which w i l l  e l i m i n a t e  t h e o r e t i c a l l y  t h e  need f o r  coun te rba lanc ing .  

I n  a d d i t i o n ,  t h e  f l e x u r e  s p r i n g  cons tan t  w i l l  be approx imate ly  t h e  same 



as  t h a t  c u r r e n t l y  used and w i l l  be designed such t h a t  minimal changes 

i n  s p r i n g  cons tan t  occur  when t h e  f l e x u r e  i s  sub jec ted  t o  temperature 

change, acce le ra t i on ,  and v i b r a t i o n .  

P rev ious  i nves t  i g a t  i on [ I 1  i nd i ca ted  t h a t  e l  ongat  i on o f  lead 

w i res  produces a change i n  t h e  n u l l  ' p o s i t i o n .  I n  t h i s  model t h e  

leads a r e  connected t o  t h e  f l e x u r e  suppor ts  which a c t  a l s o  as 

conductors  f o r  t h e  c u r r e n t  t o  t h e  armature.  I n  an a t t emp t  t o  

e l i m i n a t e  t h e  need f o r  supp l y i ng  c u r r e n t  t o  a movable element a c o b a l t  

motor-sensor was s tud ied .  Coba l t  i s  a fe r romagnet i c  m a t e r i a l .  I t  has 

t h e  h i g h e s t  C u r i e  temperature o f  t h e  e x i s t i n g  elements.  Wi th  a h i g h  

enough incrementa l  p e r m e a b i l i t y  and r e l a t i v e l y  l a rge  a i r  gaps t h e  motor 

f o r c e  cons tan t  can be made l i n e a r  even though p e r m e a b i l i t y  changes 

w i t h  temperature.  The sensor i s  made o f  w ind ings incorpora ted  i n t o  

an e l e c t r i c a l  b r i d g e  c i r c u i t  so t h a t  d isp lacement  o f  t h e  armature 

changes t h e  a i r  gap and e f f e c t i v e l y  changes t h e  inductance.  Impedance 

changes i n  t h e  b r i d g e  produce an e l e c t r i c a l  o u t p u t  s i g n a l .  However, 

t h e  C u r i e  temperature o f  c o b a l t  i s  112I0C and t h e  motor-sensor has 

a 200°F temperature r i s e .  Th i s  w i l l  l i m i t  a p p l i c a t i o n  o f  t h i s  approach 

t o  temperatures o f  n o t  more than  approx imate ly  1600°F. F u r t h e r  

i n v e s t i g a t i o n  o f  t h e  p e r m e a b i l i t y  o f  c o b a l t  i s  necess i t a t ed  b e f o r e  

a f i n a l  conc lus i on  as t o  i t s  a p p l i c a b i l i t y  can be made. A c o n t r o l  

system has been bu i  I t [61 and t h e  comp l e t e  system opera tes  s a t i  s f a c t o r  i l y  

a t  room temperature.  

The system i s  designed so t h a t  o n l y  t h e  motor-sensor u n i t  i s  



sub jec ted  t o  t h e  h o s t i l e  env i ronment  and space l i m i t a t i o n s .  The 

e l e c t r o n i c  c o n t r o l  package i s  p laced  i n  a  r e l a t i v e l y  ben ign  env i ronment  

and connected t o  t h e  i n t e g r a l  u n i t  c o n t r o l  package by means o f  s i x  ( 6 )  

80-20 nichrome leads. 

The m a t e r i a l  which f o l l o w s  covers  t h e  development o f  t h e  complete 

e l e c t r i c a l  s k i n  f r i c t i o n  meter  system. The des ign  and a n a l y s i s  o f  

t h e  motor-sensor u n i f ,  c o n s i d e r a t i o n  o f  m a t e r i a l  p r o p e r t i e s ,  and t h e  

syn thes i s  and a n a l y s i s  o f  t h e  c l osed  loop system a r e  p resen ted  and 

eva l  uated.  A l though p r e  l i m i  nary  work was done [ I ,  2, 7 1  t o  es tab  l  i s h  

f e a s i b i l i t y ,  a l l  o f  t h e  r e s u l t s  presented a r e  new un less  o the rw i se  

noted,  



CHAPTER I I 

HIGH TEMPERATURE MOTOR DESIGN AND EVALUATION 

The motor  des ign se lec ted  f o r  t h e  s k i n  f r i c t i o n  meter employs 

t h e  bas i c  o p e r a t i n g  p r i n c i p l e  o f  t h e  e l e c t r i c  motor and o f  most 

e l e c t r i c  meters used f o r  measuring c u r r e n t  o r  p o t e n t i a l  d i f f e r e n c e s ;  

namely, a  t o rque  on a  c u r r e n t  loop. The p r i n c i p l e  o f  o p e r a t i o n  o f  

t h e  c o n f i g u r a t i o n  as shown i n  F i g u r e  2 i s  as f o l l o w s :  

A d.c.  c u r r e n t  f l o w i n g  through t h e  two f i e l d  c o i l s  produces a  

magnet ic f i e l d  p a r a l l e l  t o  t h e  armature c o i l  p lane. A d.c. armature 

c u r r e n t  produces a  t o rque  whose d i r e c t i o n  depends on f i e l d  c o i l  and 

armature c o i l  c u r r e n t  d i r e c t i o n .  

General c h a r a c t e r i s t i c s  o f  t h e  motor a r e  as f o l l o w s :  

( I )  The o u t p u t  t o rque  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  armature 

c u r r e n t .  Therefore,  t h e  armature c u r r e n t  may be moni tored 

t o  determine t he  n u l l - r e s t o r i n g  torque,  which i s  equal t o  

s k i n  f r i c t i o n  drag to rque .  By employing m a t e r i a l s  w i t h  low 

c o e f f i c i e n t s  o f  thermal expansion, h i g h  temperature e f f e c t s  

have l i t t l e  i n f l u e n c e  on t h e  motor t o rque  cons tan t .  I f  

t h e  c u r r e n t  i n  e i t h e r  t h e  armature o r  t h e  f i e l d  c o i l s  i s  

h e l d  constant ,  t h e  o n l y  way f o r  t h e  t o rque  cons tan t  t o  

change i s  f o r  t h e  armature t o  change i t s  p o s i t i o n  r e l a t i v e  

t o  t h e  two f i e l d s  c o i l s .  I n  t h i s  c o n f i g u r a t i o n ,  t h e  motor  

w i l  l expand so t h a t  t h e  armature remains centered between 

t h e  f i e l d  c o i l s .  





(2) I t  i s  an a i r  c o r e  dev ice .  Molybdenum w i re ,  Haynes A l l o y  

No. 25, qua r t z ,  hydrous aluminum s i l i c a t e ,  and t i t a n i u m  

d i o x i d e  a r e  t h e  m a t e r i a l s  used i n  i t s  c o n s t r u c t i o n .  A l l  

a r e  capable  o f  w i t h s t a n d i n g  temperatures g r e a t e r  t han  

2O0O0F. 

( 3 )  The motor-sensor u n i t  dimensions a r e :  

He igh t :  2.0 inches 

Width:  2.8 inches 

Depth: 2.8 inches 

(4) P o s i t i o n  sens ing i s  ach ieved by super imposing a  5 KHz c a r r i e r  

s i g n a l  on t h e  d.c. c u r r e n t  f l o w i n g  i n  t h e  armature c o i l .  

Depending on t h e  angu la r  p o s i t i o n  o f  t h e  armature c o i l ,  t h e  

f i e l d  c o i l s  have an emf induced i n t o  them due t o  gene ra to r  

a c t i o n .  The n u l l  o r  ze ro  induced v o l t a g e  p o s i t i o n  occurs  

when t h e  armature c o i l  p l ane  p a r a l l e l s  t h e  f i e l d  c o i l  a x i s .  

( 5 )  The armature i s  suppor ted by a  r o t a t i o n a l  h i g h  temperature 

two-support  f l e x u r e  which a l s o  conducts t h e  supp ly  c u r r e n t  

t o  t h e  armature.  

A smal l  gap i s  r e q u i r e d  i n  t h e  f i e l d  c o i l  t o  mount t h e  suppo r t i ng  

arms o f  t h e  f l e x u r e .  S ince any gap reduces t h e  e f f e c t i v e  leng th  o f  

t h e  c o i l ,  t h e  gap in t roduced  i s  k e p t  a t  a  minimum. A gap w i d t h  o f  

0.40 inch was necessary i n  t h e  motor t o  p r o v i d e  r i g i d  suppor t  f o r  

t h e  f l e x u r e .  I t  i s  a  d isadvantage t h a t  a l ignment  must be accomplished 

by p o s i t i o n i n g  t h e  motor - t ransducer  u n i t  i n  ?he three-d imensional  space 

However, encapsu la t i on  o f  t h e  u n i t  w i l l  p reven t  any change i n  t h e  r e l -  

a t i v e  c o i l  and f l e x u r e  o r i e n t a t i o n s .  



I .  HIGH TEMPERATURE MATERIALS 

Coi I  Forms 

Square c o i l s  were used i n  t h e  design because it has been shown 

[ I ]  t h a t  when phys ica l  c o n s t r a i n t s  a re  placed on the  length, radius, 

and th ickness o f  c o i l  windings, t he  cross sec t iona l  shape i s  a  

f a c t o r  i n  power min imiza t ion .  I n t u i t i v e l y ,  it i s  apparent t h a t  

minimum power d i s s i p a t i o n  e x i s t s  when each f i e l d  c o i l  has the  sma l l es t  

cross sec t iona l  per imeter  because i t  produces the  g rea tes t  f l u x  dens i t y  

f o r  any armature co i  l  shape. 

I n v e s t i g a t i o n  o f  t he  optimum f i e l d  geometry shows t h a t  f o r  

minimum power d i ss ipa t i on ,  t he  length o f  t he  c o i l  should be as la rge  

as poss ib le .  Since it was a l s o  shown t h a t  t h e  minimum space f o r  t he  

f l e x u r e  i s  I  inch, t he  minimum length f o r  one s i d e  o f  t he  f i e l d  c o i l  

i s  approximately 1.8 inches. This  inc ludes the  a i r  gap between t h e  

c o i l  forms, t h e  th ickness o f  the forms, and the  th ickness o f  t he  

armature windings. 

The parameters o f  the  c o i  l dimensions used f o r  t h e  motor a r e  

the re fo re  p h y s i c a l l y  constra ined by t h e  he igh t  dimension and the  

f l e x u r e  design. Also, taken i n t o  cons idera t ion  was the  f a c t  t h a t  

t he  o the r  dimensions could be o n l y  somewhat l a rge r .  The f i e l d  c o i l s  

were the re fo re  r e s t r i c t e d  t o  a winding th ickness o f  0.28 inch, a l though 

a  second motor was wound w i t h  a winding th ickness o f  0.35 inch for  

compar i son purposes. 



Drawings o f  t h e  c o i l  forms a r e  presented i n  F i g u r e  3 and F i g u r e  4 .  

The c o i l  forms a r e  machined f rom hydrous aluminum s i l i c a t e .  The 

m a t e r i a l  i s  purchased f rom t h e  American Lava Compnay o f  Chattanooga, 

Tennessee i n  6 - inch  o r  9- inch pr isms o f  Grade A lava. The m a t e r i a l  

i s  capable  o f  w i t h s t a n d i n g  cont inuous hea t  a t  2012OF. The thermal  

- 6 
expansion l i n e a r  c o e f f i c i e n t  i s  3.6 x  10 p e r  OC f o r  a temperature 

range from 25-900°C. A l though t h e  u n f i r e d  lava e x h i b i t s  a  d e n s i t y  

o f  approx imate ly  0.1 I  b/cu i n  [8], t h e  f i r e d  lava has a  measured 

d e n s i t y  o f  0.0879 Ib /cu i n .  L i t e r a t u r e  sources i n d i c a t e  i t  can be 

0.083 Ib /cu i n .  See Appendix A f o r  i n f o r m a t i o n  on o t h e r  p r o p e r t i e s .  

Grade A lava expands on hea t i ng .  The expans ion reaches approx imate ly  

2 pe r  c e n t  a t  1900°F. S ince  n e g l i g i b l e  change i n  dimension i s  n o t i c e d  

a t  2000°F, t h i s  i s  e s t a b l i s h e d  as t h e  c u r i n g  temperature.  The speed 

o f  h e a t i n g  i s  approx imate ly  150°F pe r  hour  u n t i  l  t h e  c u r i n g  temperature 

i s  reached. The h e a t i n g  i s  t e rm ina ted  and t h e  p ieces  a re  taken  f rom 

t h e  fu rnace  a f t e r  c o o l i n g  below 200°F. 

Aluminum s i l i c a t e  has been chosen n o t  o n l y  because o f  i t s  capa- 

b i l i t y  t o  w i t h s t a n d  extreme temperatures b u t  a l s o  because a  good 

i n s u l a t o r  i s  needed t o  p reven t  eddy c u r r e n t  loss .  The loss  f a c t o r  

a t  I MHz i s  0.053. 

The thermal  r e s i s t a n c e  o f  each o f  t h e  f i e l d  c o i l  forms was 

found t o  be 1.48OC/watt wh i l  e  t h e  therma l  r e s i s t a n c e  f o r  t h e  armature 

c o i l  form was found t o  be 2.08OC/watt. The thermal r e s i s t a n c e  o f  

molybdenum w i r e  t o  t h e  c o i l  form was found t o  be I . I I ° C / w a t t  f o r  bo th  



Materi a1 : tiydrous Aluminum S i  1 i cate 
(American Lava Corporati on) 

Actual Size 

Top View 

Front View 

Figure 3 ,  Armature Coi 1 Dimensions 



Materi a1 : Hydrous Aluminum Si 1 i c a t e  (Ameri can Lava Corporati on) 
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Top View 

Front View 
Figure 4. Fie ld  Coil Dimensions 





Molybdenum has been chosen as t h e  conduc t ing  m a t e r i a l  i n  o r d e r  

t o  keep t h e  r e s i s t a n c e  low and t h e  power d i s s i p a t i o n  t o  a  minimum. 

Of a l l  t h e  m a t e r i a l s  capable  o f  w i t hs tand ing  2000°F, molybdenum has 

t h e  lowest  r e s i s t i v i t y  a t  t h a t  temperature.  The e l e c t r i c a l  r e s i s t i v i t y  

o f  molybdenum changes approx imate ly  l i n e a r l y  f rom 5.78 microhm-cent imeters 

a t  room temperature t o  34.8 microhm-cent imeters a t  2000°F, I t  i s  noted 

t h a t  t h e  r e s i s t i v i t y  a t  2000°F i s  6 t imes t h a t  a t  room temperature.  

T h i s  i s  a  d e f i n i t e  f a c t o r  i n  t h e  des ign o f  t h e  c o n t r o l  system. 

The w i r e  d iameter  o f  0.032 i n  was s e l e c t e d  f o r  two reasons. 

F i r s t ,  p rev i ous  i n v e s t i g a t i o n  had shown t h a t  t h e  w i r e  d iameter  shou ld  

be made as l a r g e  as  p o s s i b l e  f o r  t h e  w ind ing  o f  t h e  e x c i t a t i o n  c o i l .  

S ince i t  was n o t  known a t  t h e  t i m e  whether t h e  f i e l d  c o i l s  o r  t h e  

armature c o i l s  would be e x c i t e d  i n  t h e  f i n a l  design, a l l  c o i l s  were 

t o  be wound w i t h  w i r e  o f  t h e  same d iameter .  Secondly, t h e  t h i c k n e s s  

o f  t h e  i n s u l a t i o n  i s  a de te rm in i ng  f a c t o r .  For  a  g i v e n  r e c t a n g u l a r  

c r o s s  s e c t i o n  o f  w ind ing  and a  g i ven  number o f  ampere-turns, t h e  power 

d i s s i p a t i o n  i s  min imized by a  w ind ing  i n  which t h e  t h i ckness  o f  t h e  

i n s u l a t i o n  equals  t h e  conduc to r  d iameter  as shown i n  Appendix B. 

The t o t a l  t h i c kness  o f  t h e  i n s u l a t i o n  i s  between 0.030-0.035 i n  

so B & S No. 20 w i r e  was s p e c i f i e d .  

O x i d a t i o n  

A search o f  l  i t e r a t u r e  [ I  I ,  121 revea led  t h a t  molybdenum w i l  l  

o x i d i z e  r a p i d l y  i n  t h e  atmosphere a t  e l eva ted  temperatures.  The 



t ime  laws observed f o r  t h e  o x i d a t i o n  o f  molybdenum i n d i c a t e  t h a t  a  

p a r a b o l i c  o x i d a t i o n  occurs  a t  300°C. As t h e  temperature i s  e l e v a t e d  

( o r  t h e  t i m e  of  exposure i s  extended) t h e  i n i t i a l  p a r a b o l i c  o x i d a t i o n  

becomes l i n e a r .  The su r f ace  o f  molybdenum remains b r i g h t  up t o  200°C 

and t h e n  temper c o l o r s  appear. Two suboxides which a r e  t hough t  t o  

have i n t e rmed ia te  composi t ions between Moo2 and Moo3 have been found 

beneath an o u t e r  l aye r  o f  Moo3 a t  570°C. Above 550°C, Moo3 evapora tes  

n o t i c e a b l y .  Above 795°C) t h e  m e l t i n g  p o i n t  o f  Moo3 , o x i d a t i o n  i s  

accompanied by a  t o t a l  l oss  i n  we igh t  [ I  I]. 

Exper imental  i n v e s t i g a t i o n  o f  t h e  o x i d a t i o n  o f  t h e  molybdenum 

w i r e  t o  be used showed r a p i d  o x i d a t i o n  s t a r t i n g  around 750°C-800°C. 

The w i r e  was comple te ly  des t royed  a t  830°C as shown i n  F i g u r e  5.  I t  

shou ld  be noted t h a t  t h e  oven h e a t i n g  t i m e  was very  c l o s e l y  d i c t a t e d  

by t h e  r e l a t i o n s h i p  

t = t 2 - T  (2 .1 )  

where t = t i m e  t o  reach e l eva ted  temperature 

T  = e l e v a t e d  temperature expressed i n  m u l t i p l e s  o f  100°C 

Thus, i t  r e q u i r e d  approx imate ly  one hour  o f  hea t i ng  t o  des t roy  t h e  

w i r e  a t  a  temperature o f  830°C. Tests  were made w i t h  t h e  molybdenum 

w i r e  i n  an i n e r t  atmosphere. Argon was f o r ced  i n t o  t h e  oven chamber. 

The w i re ,  sub jec ted  t o  1700°F) had a  r e s i s t a n c e  o f  0 .2  ohms/ foot  a t  

t h a t  temperature.  The environment c o u l d  n o t  be e l eva ted  t o  a  h i g h e r  

temperature a f t e r  2.5 hours o f  hea t ing ,  appa ren t l y  because o f  thermal  

g r a d i e n t s  in t roduced  by t h e  gas f l ow .  The p o s s i b i l i t y  o f  submersing 

t h e  motor  i n t o  an i n e r t  atmosphere was d iscarded  p r i m a r i l y  due t o  t h e  
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c o s t  o f  argon and t h e  f a c t  t h a t  t h e  motor u n i t  cou ld  n o t  be sealed.  

I n  an a t t emp t  t o  s o l v e  t h e  problem, o x i d a t i o n  r e s i s t a n t  c o a t i n g s  

o f  molybdenum were i n v e s t i g a t e d .  D i s i l i c i d e  c o a t i n g s  were r u l e d  o u t  

because o f  t h e i r  b r i t t l e n e s s  a t  room temperatures.  A l though t h e  

c o a t i n g s  have l i m i t e d  d u c t i l i t y  a t  a r ed  hea t  C131, t h e  wind ings cou ld  

n o t  be wound a t  such a  temperature.  I n  r ecen t  developments [ 141 

s i l i c i d i n g  has been found t o  r e s i s t  t h e  o x i d a t i o n  o f  molybdenum t e s t  

p a r t s  exposed t o  3400°F i n  a i r  f l o w i n g  a t  Mach 4. A l though  i t  i s  

r epo r t ed  t h a t  t h e  s i l i c i d e  coa t i ngs  a re  moderate ly  f l e x i b l e ,  no 

ment ion has been g i v e n  o f  i t s  a p p l i c a t i o n  t o  w i r e .  I t  i s  deemed, 

t h e r e f o r e ,  t h a t  because o f  t h e  t u r n i n g  r a d i u s  i n  t h e  w i r i n g  i n  t h i s  

a p p l i c a t i o n ,  t h e  c o a t i n g  process i s  n o t  a p p l i c a b l e .  

P l a t i num i s  o u t s t a n d i n g  i n  i t s  r e s i s t a n c e  t o  o x i d a t i o n .  A t  

temperatures above about  750°C (1400°F), an ex t reme ly  smal l  b u t  

measurable we igh t  l oss  occurs  due t o  t h e  f o rma t i on  o f  a  v o l a t i l e  

ox ide,  Pt02 and t o  v o l a t i l i z a t i o n  o f  t h e  meta l .  The we igh t  loss  o f  

- 3 
p l a t i n u m  i s  5.2 x  10 mg/cm2/hr a t  2500°F E l 5 1  whi l e  t h e  we igh t  loss 

o f  molybdenum i s  l o 4  mg/cm2/hr a t  t h e  same temperature [12]. The 

m e l t i n g  p o i n t  o f  p l a t i n u m  o f  1769°C (3216OF) exceeds t h e  expected 

system temperature b u t  does n o t  equal t h e  m e l t i n g  p o i n t  o f  molybdenum 

a t  2622OC (4750°F).  

The l i n e a r  c o e f f i c i e n t  o f  thermal expansion o f  p l a t i n u m  i s  

- 6 - 6 
9.1 x  10 pe r  "C w h i l e  t h a t  o f  molybdenum i s  5,7 x  10 per  O C ,  

A l though processes such as e l e c t r o d e p o s i t i o n  can produce a  p l a t i n u m  

coa t i ng ,  t h e  c l a d d i n g  process appears t o  be t h e  b e s t  f o r  c o a t i n g  w i r e .  



To i n v e s t i g a t e  t h e  p o s s i b i l i t i e s  o f  c l a d  w i r e  as a s o l u t i o n ,  molybdenum 

w i r e  c l a d  w i t h  14% p la t i num by we igh t  (approx imate ly  0.002 i n  shea th i ng )  

and o f  0.032 i n  d iameter  was purchased f rom Englehard I n d u s t r i e s ,  Inc .  

E leva ted  temperature t e s t s  were r u n  on t h e  w i r e  w i t h  t h e  r e s u l t s  shown 

i n  F i g u r e  5 .  The w i r e  r e s i s t a n c e  increased r a p i d l y  a t  1700°F. Inves- 

t i g a t i o n  o f  t h e  r e s u l t s  i n d i c a t e  t h a f  d i f f u s i o n  o f  t h e  two me ta l s  i s  

r a p i d  enough t o  a l l o w  o x i d a t i o n  o f  t h e  molybdenum base metal  under 

these  h e a t i n g  c o n d i t i o n s .  F a i l u r e  occurs  f rom t h e  inward d i f f u s i o n  

o f  oxygen and t h e  outward d i f f u s i o n  o f  molybdenum [16]. 

The performance o f  p l a t i num-c l ad  molybdenum was t hough t  t o  be 

enhanced by i n c o r p o r a t i n g  an e f f i c i e n t  b a r r i e r  such as rhenium [17]. 

However, a l t hough  t h e  w i r e  has ve ry  h i g h  d u c t i l i t y ,  rhenium o x i d i z e s  

seve re l y  i n  a i r ,  i n  a  manner s i m i l a r  t o  molybdenum. The r e a c t i o n  

as determined by s imp le  we igh t  change t e s t s  s t a r t s  a t  600°C and 

increases r a p i d l y  w i t h  temperature [15, 181. P r e l i m i n a r y  i n v e s t i g a t i o n  

o f  i n t e rmed ia te  boundary l a y e r  combinat ions o f  a  base l a y e r  and an 

o x i d a t i o n  r e s i s t a n t  l aye r  r e s u l t e d  i n  t h e  s e l e c t i o n  o f  rhenium as  an 

optimum combina t ion  w i t h  molybdenum and an o x i d a t i o n  r e s i s t a n t  meta l  

[19]. However, i t  was l a t e r  concluded t h a t  t h e  placement o f  a  l a y e r  

o f  rhenium, z i r c o n i a ,  alumina, tungsten,  s i l i c o n  carb ide ,  o r  magnesia 

between p l a t i n u m  and molybdenum w i l l  n o t  s i g n i f i c a n t l y  reduce t h e  

degrad ing i n t e r d i f f u s i o n  a t  2550°F. An increase o f  t h e  p l a t i n u m  

t h i c k n e s s  served as we1 l as any b a r r i e r  i n v e s t i g a t e d  1201. Based on 

t h i s  conc lus ion ,  i t  i s  f e l t  t h a f  an optimum th i ckness  o f  p l a t i n u m  

c l a d d i n g  c o u l d  be se lec ted  based on t h e  temperatures and t ime  o p e r a t i o n s  



a t  t h e  r e s p e c t i  ve temperatures.  

I n  an e f f o r t  t o  e l i m i n a t e  f u r t h e r  perusa l  o f  t h e  optimum w i r e  

c o n s t i t u e n t s ,  encapsu la t i on  o f  t h e  wind ings w i t h  an o x i d a t i o n  r e s i s t a n t  

ceramic  was i n v e s t i g a t e d .  A s u i t a b l e  ceramic,  Ceramabond 503 

manufactured by Aremco Products,  Inc., was used t o  h e r m e t i c a l l y  sea l  

t h e  wind ings.  Nichrome w i res  were welded t o  t h e  molybdenum w i res  by 

e l e c t r o n  beam and h e l i - a r c  methods. Thus, t h e  o n l y  w i r es  p r o t r u d i n g  

f rom t h e  motor  i n t o  t h e  atmosphere a r e  t h e  nichrome leads. Ceramabond 

503 was chosen because o f  i t s  low c u r i n g  temperature (250°F) and i t s  

h i g h  o p e r a t i n g  l i m i t  (2600°F). I t  has good bonding c h a r a c t e r i s t i c s  

t o  quar tz ,  molybdenum, and lava. Al though t h e  c o e f f i c i e n t  o f  thermal 

expansion o f  8.0 x  p e r  "C i s  t w i c e  t h a t  o f  t h e  lava, i t  i s  

approx imate ly  equal t o  t h a t  o f  t h e  q u a r t z  i n s u l a t i o n .  The magor 

c o n s t i t u e n t  o f  t h e  ceramic  i s  alumina 1 2 1 1 .  The schedule f o l  lowed 

f o r  a p p l i c a t i o n  o f  t h e  p o t t i n g  compound i s  shown i n  Appendix C. I t  

must be remembered t h a t  a l l  m a t e r i a l s  used i n  t h e  c o n s t r u c t i o n  o f  t h e  

motor u n i t  cannot  possess any fe r romagnet i c  p r o p e r t i e s  s i nce  t h e  u n i t  

i s  o f  f r e e  a i r  design, i .e., t h e  p e r m e a b i l i t y  must be u n i t y .  

Res is tance  da ta  a t  e l eva ted  temperatures shown i n  F i g u r e  6 a t  

e l eva ted  temperatures was taken  on an encapsula ted c o i l  wound w i t h  

p la t inum-c lad  molybdenum w i r e .  The r e s u l t s  i n d i c a t e  t h a t  a f t e r  3 hours  

o f  h e a t i n g  t o  a t t a i n  2000°F) t h e  r e s i s t i v i t y  was s i x  t imes  t h a t  a t  room 

temperature.  T h i s  compl ies  w i t h  t h e  r e s i s t i v i t y  expected when no 

o x i d a t i o n  takes  p l ace .  I n  f a c t ,  t h e  temperature reached 2100°F w i t h o u t  

n o t i c e a b l e  degrada t ion  o f  performance. There fo re ,  encapsula ted p l a t i num-  
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c l a d  w ind ings  a r e  capable  sf w i t h s t a n d i n g  t h e  h o s t i l e  environment.  

F l  exure  

The f l e x u r e  used i n  t h e  motor - t ransducer  i s  p i c t u r e d  i n  F i g u r e  7. 

The f l e x u r e  p rov i des  a near f r i c t i o n l e s s  suppor t  f o r  t h e  armature.  

The s p r i n g  cons tan t  o f  t h e  f l e x u r e  has been determined e x p e r i m e n t a l l y  

t o  be 0.51 I b - i d r a d i a n  under t h e  armature load o f  0.262 I b  (see 

Chapter  I l l ) .  Molded ceramic  suppor ts  t h e  f l e x u r e .  The suppor t  legs con- 

n e c t i n g  t h e  movable element t o  t h e  f i x e d  element a re :  0.01 i n  x 0.030 i n  

Haynes A l l o y  No. 25 w i r e  (see  Appendix D). Since  t h e  w i r e  suppor ts  

a c t  a l s o  as conduc to rs  o f  t h e  armature c u r r e n t ,  t h e  ends a re  connected 

i n  such a manner t h a t  t h e  J o u l e  h e a t i n g  o f  t h e  suppor ts  i s  e q u a l l y  

balanced. Some d r i f t  occurs  a t  room temperature when c u r r e n t s  g r e a t e r  

than  2.5 amperes a r e  passed th rough  t h e  f l e x u r e .  The d r i f t  i s  l e ss  

n o t i c e a b l e  a t  e l eva ted  temperatures.  

The probe connects t h e  armature t o  t h e  movable element o f  t h e  

f l e x u r e  and i s  secured t o  t h e  t a r g e t .  Both t h e  probe and t h e  two 

s e c u r i n g  u n i t s  a r e  manufactured f rom RA330 s t a i n l e s s  s t e e l  rods.  

Two nichrome leads ( B  & S No. 20) p r o t r u d e  f rom t h e  bot tom o f  

t h e  f l e x u r e  where t hey  have been electron-beam welded t o  t h e  connec t ing  

w i r es  o f  t h e  f lexure  suppor t  w i  res .  The leads a r e  channeled i n t o  t h e  

ceramic  fo rm and p o t t e d  w i t h  Ceramabond 503. Two molybdenum w i r e s  

( o r  p l a t i num-c l ad  molybdenum w i r e s )  p r o t r u d e  f rom t h e  f l o a t i n g  s i d e  

sf t h e  f l e x u r e .  They t o o  a r e  electron-beam welded t o  connec t ing  t i e s .  



Top View 

Side View 

Figure 7.  X-Ray Photograph of Flexure 



2. MOTOR ASSEMBLY 

The armature i s  f i r s t  assembled t o  t h e  f l e x u r e .  The f l o a t i n g  

element o f  t h e  f l e x u r e  i s  secured t o  t h e  armature w i t h  t h e  i n s e r t i o n  

o f  t h e  probe and t h e  t i g h t e n i n g  o f  t h e  two nu ts .  The leads ex tend ing  

f rom t h e  f l o a t i n g  p o r t i o n  o f  t h e  f l e x u r e  a r e  now h e l i - a r c  welded t o  

t h e  armature leads, The j o i n s  a r e  embedded i n  t h e  lava and t h e  e n t i r e  

f l o a t i n g  element i s  p o t t e d  w i t h  Ceramabond 503. The f l e x u r e  assembly 

i s  shown i n  F i g u r e  8. 

The motor c o i l s  shown i n  F i g u r e  9 a re  now ready f o r  f i n a l  assembly. 

The f l e x u r e  r e s t s  on t h e  bot tom f i e l d  c o i l  as shown i n  F i g u r e  10. The 

two f i e l d  c o i l s  a r e  p laced  on a d j u s t a b l e  mounts so t h a t  t h e i r  r e s p e c t i v e  

o r i e n t a t i o n s  t o  each o t h e r  can be changed. Adjustment w i t h i n  a  base 

p a r a l l e l  p lane  i s  made by ad jus tment  o f  c o l l a r  screws w h i l e  ad jus tment  

o f  t h e  c o l l a r  i n  a  v e r t i c a l  d i r e c t i o n  i s  d i c t a t e d  by t h e  ad jus tment  

o f  s i x  screws on each c o l l a r .  The f l e x u r e  suppor t  i s  sandwiched between 

t h e  f i e l d  c o i l s  (see F i g u r e  1 1 ) .  

3 .  DERIVATION OF MOTOR TORQUE 

F igu re  12 shows a  r e c t a n g u l a r  c u r r e n t  loop p laced  i n  a u n i f o r m  

magnet ic f i e l d  B. The normal v e c t o r  n  i n  F i g u r e  12(b) makes an ang le  

€Ig w i t h  t h e  d i r e c t i o n  o f  t h e  f l u x  d e n s i t y .  The t o rque  about  t h e  a x i s  

mml i s  [22] 

where A = a ' b '  = area o f  t h e  r ec tangu la r  loop 



Figure 8. Flexure Assembly 





Figure 10. Flexure Assembly Mounted t o  F ie ld  Assembly 



Figure "I 9 ,  High  Temperature Mode3 Assembly 
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Th i s  equa t i on  can be shown t o  h o l d  f o r  a l l  p lane  loops o f  area A, 

r ega rd  l  ess o f  t h e  i r shape. 

For  t h e  motor a p p l i e d  i n  t h i s  case O g  90'. There fo re ,  s i n c e  

t h e r e  a re  N equal t u r n s  on t h e  c o i l  and t h e  t o r q u e  a c t s  on every  t u r n  

o f  t h e  c o i l  t h e  f o l l o w i n g  equa t i on  a p p l i e s .  

I n  o r d e r  t o  make t h e  t o rque  p r o p o r t i o n a l  t o  t h e  loop c u r r e n t , i h e  

f l u x  d e n s i t y  must remain cons tan t .  E i t h e r  f i e l d  c u r r e n t  o r  armature 

c u r r e n t  can be h e l d  cons tan t ,  s i n c e  t o r q u e  i s  p r o p o r t i o n a l  t o  t h e  c u r r e n t  

p roduc t ,  For  t h i s  des ign  t h e  f i e l d  c u r r e n t  has been chosen t o  be 

cons tan t ,  a l though  bo th  were i n v e s t i g a t e d  as p o s s i b i l i t i e s .  Power 

d i s s i p a t i o n  and low v o l t a g e  power s u p p l i e s  a r e  t h e  p r ima ry  f a c t o r s  f o r  

t h i s  s e l e c t i o n .  Each o f  t h e  two f i e l d  c o i l s  has c u r r e n t  s u p p l i e d  by 

a  cons tan t  c u r r e n t  source. C u r r e n t  sources a r e  necessary because o f  

t h e  r e l a t i v e l y  l a rge  change i n  r e s i s t i v i t y  ove r  t h e  2000°F temperature 

range. A maximum power d i s s i p a t i o n  o f  84 w a t t s  on each c o i l  i s  

exper ienced a t  2000°F. 

The magnet ic f l u x  d e n s i t y  a t  a  genera l  p o i n t  due t o  a square 

c u r r e n t  loop can be determined by ex tend ing  a p p l i c a t i o n  o f  t h e  B i o t -  

Sava r t  Law t o  a  w i r e  o f  f i n i t e  length.  The magnitude o f  t h e  f i e l d  

a t  a p o i n t  due t o  a w i r e  o f  f i n i t e  l eng th  c a r r y i n g  a c u r r e n t  i can be 

expressed as f o  l  lows C221: 



D = pe rpend i cu l a r  d i s t a n c e  f rom P t .  Po t o  t h e  w i r e  

X = v a r i a b l e  o f  i n t e g r a t i o n  

2 = f i n i t e  l eng th  o f  w i r e  

I t  has been shown [ I ]  t h a t  t h e  average f i e l d  s e t  up by a  loop e lement  

i s  (see F i g u r e  13). 

where 

h  = one-ha l f  t h e  leng th  o f  t h e  s i d e  o f  t h e  armature f r o n t  v iew 

r = v a r i e s  f rom R t o  R + r 
W 

Z = v a r i e s  f rom -Z/2 t o  + 2 / 2  

lJo 
= p e r m e a b i l i t y  o f  f r e e  space 

x,y = i n t e g r a t i n g  f a c t o r s  

Bll(x, y, r ,  Z )  i s  de f i ned  i n  Appendix E. 

i 
i = Jdzdy = - dzdy 

d2 
W 

d  = w i r e  d iameter  
W 



Figure 13. F i e l d  Coi 1  Or ien ta t i on  



Thus, 

where w i s  a genera l  p o i n t  measured p o s i t i v e  t o  t h e  l e f t  o f  t h e  c e n t e r  

o f  p o i n t  Po.  Only p o s i t i v e  va lues  o f  w need t o  be symmetr ical  s i n c e  

w i s  symmetr ical  w i t h  r espec t  t o  Po.  

A computer program has been w r i t t e n  t o  determine t h e  average f l u x  

d e n s i t y  by employ ing t h e  above equa t i on  w i t h  s l i g h t  m o d i f i c a t i o n s .  

S ince t h e  aluminum-wire motor had been wound w i t h  a s i n g l e  w i r e  

conduc t ing  b i f i l a r  winding, t h e  c u r r e n t  dens i t y ,  

J = J /2  = cu r ren?  d e n s i t y  o f  aluminum-wire motor 
A 

and 

- - 
B l l  = B l l / *  = average f l u x  d e n s i t y  o f  a genera l  p o i n t  o f  t h e  

A 
a l  um i num-w i r e  motor .  (2.8) 

For  t h e  molybdenum-wire motor,  t h e  conduc t ing  molybdenum w i r e  covered 

o n l y  one- four th  o f  t h e  c u r r e n t  sheet  w i t h  t h e  q u a r t z  i n s u l a f i o n  c o v e r i n g  

t h e  rema i nder . Thus, 



J = J/4 = cu r ren t  dens i ty  o f  molybdenum-wire motor 
mo 

(2.9) 

and 

- - 
811 = 81 1/4 = average f l u x  dens i t y  o f  a  general p o i n t  on t h e  

mo 
molybdenum-wire model. (2.10) 

The computer program shown i n  Appendix F prov ides no t  on ly  t he  

average f l u x  dens i t y  f o r  several values o f  f i e l d  cur ren t ,  b u t  a l s o  t h e  

armature c u r r e n t  necessary t o  p rov ide  t h e  maximum motor torque.  Since 

t h e  f i n a l  device i s  a  maximum o f  2 inches, the  t a r g e t  i s  mounted h a l f  

t he  d is tance o r  I  inch from the  f l e x u r e  center .  Therefore, f o r  a  

maximum fo rce  o f  7 mi l l ipounds,  t h e  maximum torque requ i red  f o r  t he  

motor t o  produce i s  7 x  i n - l b .  

4. MOTOR CALIBRATION 

Experimental i n v e s t i g a t i o n  o f  the  motor torque constants was 

made on th ree  motors: I )  t he  aluminum-wire low temperature motor; 

2) t he  molybdenum-wire h igh  temperature motor; 3 )  a p lat inum-clad 

molybdenum w i r e  h igh  temperature motor w i t h  more tu rns  on the  f i e l d  

c o i l s .  F igure  14 shows a  t y p i c a l  t e s t  apparatus used t o  apply a  

known torque t o  the  motor. The s t i ng ,  t h a t  member which touches the  

motor probe, and the  balance arm mounted perpendicular  t o  t h e  s t i n g  

are supported by a Bendix 6016-800 f r e e - f l e x  p i v o t  which has a  s p r i n g  
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cons tan t  o f  0.813 I b - i n  p e r  r ad ianC231 .  The e n t i r e  ba lance system 

can be ad jus ted  so t h a t  t h e  s t i n g  p o i n t  i s  p r e c i s e l y  a l i g n e d  w i t h  t h e  

armature probe. The micrometer  ad justment  i s  i n  t h e  d i r e c t i o n  o f  

probe d isp lacement .  Weights a r e  p laced on t h e  pan o f  t h e  ba lance arm. 

The necessary d i s t ances  a r e  known so moments and, consequent ly ,  t h e  

a p p l i e d  t o r q u e  a r e  known. The coun te r  we igh t  balances t h e  ba lance 

arm t o  which i s  secured a r o d  p laced  i n  damping f l u i d .  

The f o r c e  ba lance was ad jus ted  f o r  balance. For  a  sens ing dev ice,  

t h e  c o n t r o l  system t o  be used f o r  t h e  r e s p e c t i v e  motors  was energ ized  

open loop and s e t  f o r  t h e  n u l l  p o s i t i o n .  Ou tpu t  was measured i n  t h e  

d .c .  p o r t i o n  o f  t h e  c o n t r o l  loop w i t h  a  Hewlet t -Packard 410C Vo l tmete r .  

The s t i n g  was ad jus ted  u n t i l  i t  touched t h e  armature probe (no ted  by 

a  s l i g h t  meter  d e f l e c t i o n ) .  The f i e l d  c o i l s  were energ ized  w i t h  a  d .c .  

c u r r e n t  by c u r r e n t  s o u r c e ( s )  and a known we igh t  was a p p l i e d  t o  t h e  

pan. Armature c u r r e n t  was t h e n  in t roduced  so t h a t  motor  t o rque  n u l l i f i e d  

t h e  a p p l i e d  to rque .  The armature c u r r e n t  r e q u i r e d  t o  r e s t o r e  t h e  

armature probe t o  t h e  n u l l  p o s i t i o n  was recorded. The armature c o i l  

o f  t h e  aluminum-wire motor was energ ized  by a  c u r r e n t  source and t h e  

requ i red  f i e l  d  c u r r e n t  was recorded. 

The motor c a l i b r a t i o n  curves f o r  t h e  motors a r e  shown i n  F i gu res  

15, 16, and 17. Note t h e  l  i near i t y  o f  + 5% i n a l  l  cases. Curves were 

taken  f o r  f i e l d  c u r r e n t s  o f  1-5 amperes on t h e  aluminum-wire model 

t o  show t h e  motor c u r r e n t s  p roduc t  r e l a t i o n s h i p .  The two rema in ing  

c a l i b r a t i o n  curves were taken  a t  t h e  des i r ed  o p e r a t i n g  f i e l d  c u r r e n t .  
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F igure  16. Motor C a l i  b r a t i  on Curve 
Molybdenum- W i  re Model 
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Figure 17. Motor Cali b ra t i  on Curve - Pl a t i  num-Cl ad Molybdenum-Wi r e  M o t o r  



The dimensions o f  t h e  motors and o t h e r  p e r t i n e n t  data a r e  shown 

i n  Tab le  I .  I t  shou ld  be noted t h a t  t h e  t h e o r e t i c a l  motor  t o r q u e  

cons tan t s  and those  determined by measurement d i f f e r  by o n l y  5%. A 

t e n  p e r  c e n t  e r r o r  can be expected due t o  t h e  measurement o f  t h e  

d i s t ance  f rom t h e  motor  c e n t e r  t o  t h e  p o i n t  o f  c o n t a c t  o f  t h e  s t i n g  

t o  t h e  armature probe. Thus, t h e  motors  conform t o  t h e  t heo ry  

p e r t a  i n  i ng t o  t h e  i r ope ra t  i on. 



TABLE I 

MOTOR PARAMETERS 

A = Aluminum-wire motor 

M = Molybdenum-wire motor 

P = Plat inum-clad molybdenum-wire motor 

D l MENS l ON SYMBOL A M P 

F i e l d  C o i l s  

Ins ide  Radius R 1.06 1.06 1.06 

Overal l length L 

Winding th ickness  r 
W 

Gap Width G 

Wire s i z e  

No. t u r n s  per  layer  

Tota l  no. t u r n s / c o i l  

Constant c u r r e n t  (amps) 

Max power d i s s i p a t i o n / c o i l  

Temperature r i s e  ( 15 min) 

Armature Co i l  Weight 

Ins ide  Radius 

W i d t h  

W i nd i ng th ickness 

Wire s i z e  

No. t u r n s  per  layer  

Tota l  no. t u r n s  

Max power d i s s i p a t i o n ( w a t t s )  

Temperature r i s e  (15  min) 

Weight ( I b s )  

Max c u r r e n t  received a t  

s p e c i f i e d  f i e l d  cu r ren t  

a. t h e o r e t  i ca l 

b .  measured 



CHAPTER I l l  

DISPLACEMENT TRANSDUCER 

According t o  Lenz's law, a c o i l  o f  N tu rns  placed i n  a t ime vary ing  

magnetic f i e l d  w i l l  have induced i n t o  it a vol tage 

where 

e = the  EMF produced i n  v o l t s  

N = the  number o f  t u rns  

+ = the  f l u x  i n  webers 

t = t ime i n  seconds 

The f l u x  l inkage between the  f i e l d  and armaSure c o i l s  i s  

where A i s  the  cross sec t iona l  area i n  square meters taken a t  r i g h t  
j. 

ang les t o  t h e  f l ux l i nes and I B I  i s the  f l ux dens i t y  i n webers pe r  

square meter. 

The f l u x  i n  the core i s  



Thus, combining Equations (3.11, (3.2) and (3.3)  y i e l d s  

Note t h a t  f o r  a g iven number o f  c o i l  t u rns  and a constant  f l u x  dens i ty  

maximum, va r ied  a t  a f i x e d  frequency, the  maximum induced vo l tage i s  

p ropor t iona l  t o  t h e  cross sec t iona l  area perpendicular  t o  t h e  f l u x  

l i nes 

where Am i s  t h e  maximum cross sec t iona l  area perpendicular  t o  t h e  

f l u x  l ines .  I n  t h i s  app l i ca t i on ,  Am i s  the  area o f  a c o i l  loop on 

the  armature c o i l .  The angle 0 describes the  displacement o f  t h e  

t a r g e t  from i t s  i n i t i a l  p o s i t i o n .  Since the  maximum d e f l e c t i o n  o f  

t h e  t a r g e t  i s 0.5 x i n and the  probe length from the  f lexurs 

center  t o  the  t a r g e t  i s  one inch, the  maximum angular change i s  

0.5 x radians. Therefore, s in0 can be replaced by 8 .  From 

Eq. ( 3 . 5 )  

A = AmO 

and 

E = NUB A 0 
max m 



The f l u x  can be var ied  by superimposing an a.c. c a r r i e r  on t h e  

d.c. torque c u r r e n t  o f  e i t h e r  t he  f i e l d  o r  t he  armature c o i l  and 

employing t h e  induced vo l tage on the  remaining c o i l  as the  transduced 

s igna l  t o  t h e  system. 

I .  TRANSFER CHARACTERISTICS 

The frequency o f  t he  c a r r i e r  has been chosen t o  be 5 KHz f o r  t h e  

f o l l o w i n g  reasons: I )  t he  frequency should be low enough t o  avo id  

c a p a c i t i v e  coup l ing  e f f e c t s ;  2 )  the  gain-bandwidth product o f  t h e  

opera t iona l  a m p l i f i e r s  used i n  t h e  e l e c t r o n i c  c o n t r o l  package was 

taken i n t o  cons idera t ion ;  3 )  a r a t i o  o f  20: 1 r e l a t i n g  the  frequency 

o f  t h e  c a r r i e r  t o  t h e  crossover frequency o f  t h e  system i s  des i rab le .  

Since a crossover frequency o f  50 Hz was es tab l ished f o r  system design, 

t h e  c a r r i e r  frequency was chosen as 5 KHz. 

Measurement o f  t he  induced s igna l  was made on a l l  motors t e s t e d  

w i t h  e x c i t a t i o n  o f  both the  f i e l d  c o i l s  and t h e  armature. The l i n e a r i t y  

o f  t h e  a i r  core device i s  ev ident  from the  data recorded i n  F igures 

18, 19, and 20. E x c i t a t i o n  f o r  Phe energ iz ing  c o i l  was provided by 

a Hewlett-Packgrd 200 CD t e s t  o s c i l l a t o r  and ou tpu t  measurements were 

made w i t h  a Hewlett-Packard 400 FL a.c. vo l tmeter .  The armature probe 

was d isp laced by the  s t i n g  o f  t he  t e s t  apparatus described i n  d e t a i l  

i n  Chapter I I .  The s t i n g  was p h y s i c a l l y  secured t o  a micrometer on 

the t e s t  stand, Consequently, displacement o f  t he  probe a t  t he  p o i n t  

o f  contac t  w i t h  the  s t i n g  i s  known. The d is tance o f  t he  probe used 

i n  t e s t i n g  from the  center  o f  t he  f l e x u r e  t o  the  p o i n t  o f  s t i n g  con tac t  
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va r ied  between 2.0 - 2.25 inches depending on the  experimental set-up. 

The f i r s t  model under i n v e s t i g a t i o n  was t h e  aluminum-wire model. 

The equ iva len t  model f o r  the  t ransformer i s  shown i n  F igure  2 l ( a ) .  

Theref ore, s  i nce 

s  = r e  

and s  can be approximated by a  s t r a i g h t  l i n e  f o r  small angles 

S e = -  
r 

where 

s  = d is tance st ing-probe p o i n t  i s  d isp laced 

r = d is tance from center  o f  f l e x u r e  t o  p o i n t  o f  probe displacement: 

2.0 - 2.25 inches 

The i n t e r n a l  impedance o f  t he  t e s t  o s c i l l a t o r  ( R  = 6000) i s  
g  

much la rger  than t h e  equ iva len t  impedance o f  t he  pr imary s ide  o f  the  

t ransformer.  Therefore, the  e x c i t a t i o n  can be viewed as a  c u r r e n t  

source which i s  constant  a t  35 mrms.The open c i r c u i t  vo l tage o f  the  

t e s t  osc i  l  l a t o r  i s  22.5 v o l t s  rms. 

The t r a n s f e r  impedance can be determined by measurement as shown 

i n  F igure 21. Once the t r a n s f e r  impedance has been found the  c o e f f i c i e n t  

o f  magnetic coupl ing,  k, can be found. The convent ional a i r - co re  



HP 200CD 
Test Osc i l l a to r  

HP 200CD 
Test Osc i l l a t o r  

HP 200CD 
Test Osci 1 l a t o r  

( a )  A1 umi num-Wi re Model 

( b )  Molybdenum-Wi r e  Flodel 

tme t e  r 

tme t e r  

tmeter 

( c )  P la t i  num-Cl ad Molybdenum-Wi r e  Model 

Figure 21. Transducer Equi va3ent Models 



t r ans fo rmer  arrangement i s  shown i n  F i g u r e  22. The c i r c u i t  equa t ions  

a  r e  

and 

d i F  d  i A 

F  F  
- 0 (R + R ) i  + LFT + MAF7 - (3 .11)  

V i s  a  s i n u s o i d a l  waveform and a l l  c i r c u i t  parameters a r e  cons tan t .  
A 

Thus, t h e  above equa t ions  may be w r i t t e n  i n  terms o f  e f f e c t i v e  va lues  

(RA + j u L A ) I A  + j w M I F  = VA ( 3 . 12 )  

(RF + R + jwLF ) IF  + jwMIA = 0 

Fo r  s i m p l i c i t y ,  l e t  

Z A = R  A + j w L A  

ZF = R + jwLF 
F  

Z = R 

and 



Figure 22. Conventional Air-Core Transformer Model 



Z = 0 + j w M  
m 

I t  f o l  lows t h a t  

z I + ZrnlF = V A  A A 

and 

Therefore, 

and 

F Z = - = T r a n s f e r  impedance T IA 

F o r  Z"ZF 

(no core loss)  



where k = c o e f f i c i e n t  o f  magnetic coupl ing.  The vo l tage g a i n  from 

Eq. 3.20 i s  (shown here f o r  t h e  armature e x c i t e d )  

I  n  these models Z"ZF and z>>zm2. 

Therefore, 

Thus, from the above, the  b e t t e r  approach t o  f o l l o w  i n  determin ing 

the  c o e f f i c i e n t  o f  coupl ing i s  by employing the  t r a n s f e r  impedance 

s ince  i t  i s  independent o f  c o i l  res is tance.  The c o e f f i c i e n t  i s  

A l i s t i n g  o f  the t r a n s f e r  impedances and c o e f f i c i e n t s  o f  c o u p l i n g  

o f  t he  th ree  motor-transducers i s  presented i n  Table I I .  The c o e f f i c i e n t  



Z = T rans fe r  Impedance 
T 

k = C o e f f i c i e n t  o f  Magnet ic  Coup l ing  

TABLE I I  

MOTOR-TRANSDUCER PROPERTIES 

Mode l 

- 

I .  Aluminum-Wire 
Low Temperature 

2. Mo l ybdenum-W i r e  
High Temperature 

a )  Armature coupled 
t o  one f i e l d  c o i l  

b )  Armature coupled 
t o  bo th  f i e l d  c o i l s  

3. Plat inum-Clad 
Molybdenum W i r e  
High Temperature 

zTC0hms] 

4.1 

0.72 

I ,43 

2.17 

k 

0.38 

0.30 

0.42 

0.46 



o f  coupl ing between the c o i l s  o f  a l l  t he  motors i s  approximately 

0.42, which ind ica tes  t h a t  t h e  design u t i l i z e d  provides a good coup l ing  

f o r  an a i r - c o r e  device. 

The molybdenum-wire motor, which was incorporated i n t o  t h e  h igh  

temperature system, has a t r a n s f e r  impedance o f  I Z  I = 1.43 [ohms]. 
T 

This def ines t h e  transducer c h a r a c t e r i s t i c  f o r  use i n  t h e  system block 

diagram i n  Chapter V, because the  armature i s  energized by a constant  

cu r ren t  source t o  make i t s  opera t ion  independent o f  c o i l  and lead 

res is tance.  Figures 23 and 24 show t h e  sensor c h a r a c t e r i s t i c s  o f  t h e  

h igh  temperature model. 

2. TORSIONAL SPRING CONSTANT 

Figure 25 shows t h e  output  vol tage versus weights placed i n  the  

pan o f  t h e  f o r c e  app l i ca to r .  Using t h i s  in format ion  i n  con junc t ion  

w i t h  the  s igna l  coup l ing  c h a r a c t e r i s t i c s ,  t h e  to rs iona l  spr ing  constant  

K o f  t he  motor-sensor u n i t  can be determined. F igure 26 shows t h e  F 

exper imenta l  arrangement. S i nce 

++EMo = 0 

and -C = -Koo 

Using free-body diagrams, the  moments about po in ts  0 and A are 

determi ned. 







Armature E x c i t a t i o n  

Freq. = 5 KHz 

I Gram (Weight i n  Pan) 

Ex&s 1.364 x i n - l b  
Torque on motor 

Figure 25. Torque Sensitivity Curves for  High Temperature Sensor 



Figure 26. Force Bal ance Appl i ca t i  on 



Therefore 

and 

where 

K = Spring constant  Bendix F lexure 
B 

= 0.813 Ib - in / rad  

Kf = Motor F lexure  Spr ing Constant 

But  f o r  small angles ( < 5 O ) ,  tan0 = so t h a t  



Thus 

and from Eq. 3.33 

C 
M u l t i p l y i n g  Eq. 3.37 by - y i e l d s  be 

From F igure  24 and F igure  25: 

The t e s t  apparatus has t h e  f o l l o w i n g  dimensions: 



Using these values in Eq. 3.39 yields 

The value can also be determined by using Figures 19 and 20 of the 

aluminum-wire model at an excitation voltage level of 200 millivolts. 

From this information 

F Ib - = 0.731- 
0 RAD 

The test apparatus used on this model has the following dimensions: 



3. COIL INDUCTANCE 

The c o i l  inductances a re  impor tan t  parameters i n  de te rmin ing  t he  

t ransducer  c h a r a c t e r i s t i c s .  S ince t h e  c o i l  form dimensions have been 

e s t a b l i s h e d  and t h e  c o e f f i c i e n t  o f  coup l i ng  i s  s u b j e c t  t o  l i t t l e ,  i f  

any, change due t o  an a l -bera t ion  i n  t h e  number o f  w i r e  t u rns ,  t h e  

g a i n  o f  t h e  t r ans fo rmer  w i l l  va ry  d i r e c t l y  w i t h  t h e  number o f  t u r n s .  

Inductance, o f  course, v a r i e s  as t h e  number o f  t u r n s  squared. 

The graphs shown i n  Appendix G a r e  used t o  determine $he inductance 

o f  t h e  f i e l d  c o i l s  o f  t h e  molybdenum-wire model. The c o i l s  e x h i b i t  t h e  

f o  l  low i ng parameters : 

N = 44 t u r n s  

App ly ing  these da ta  t o  graph I  i n  Appendix G y i e l d s  

The inductance of t h e  f i e l d  c o i l s  was measured and found t o  be 

110 uh each. A mutual inductance o f  22 uh e x i s t s  between t he  f i e l d  



c o i l s  i n  t h e i r  design con f i gu ra t i on .  The c o e f f i c i e n t  o f  coup l ing  

f o r  t h e  f i e l d  c o i l s  w i t h  a  gap o f  0,4 i n  i s  k = 0.2. 

The f i e l d  c o i l s  o f  t he  p lat inum-clad model e x h i b i t  t he  f o l l o w i n g  

parameters : 

r = 0.35 i n  
W 

N = 55 tu rns  

From graph I  i n  Appendix G 

and 

The se l f - induc tance o f  c i r c u l a r  c o i l s  w i thou t  i r o n  i s  determined from 

t h e  f o l l o w i n g  equat ion:  



43 1 - . . .I Henries 
196,608 

where 

d = 2a = mean diameter of solenoid 

bc = length of the solenoid 

N = number of turns 

and dimensions are in inches. 

Although this equation is intended to be used for circular coils, 

the results obtained from its application to the square coils employed 

i n  the design indicate that it yields results with less than 10% error. 

L is the inductance of a thin solenoid whose radial thickness 
S 

is neglected. The inductance of a coil of appreciable radial thickness 

AL for coi Is where ;/d i s approximately 5% - I 0% of LS is 

Experimentally, the inductance of the field coils was measured 

by connecting the coils in additive and subtractive coaxial magnetic 



f i e l d  conf igura t ions .  The r e s u l t s  obtained were 

L~ + L2 + 2m = 466 uh 

L, + L2 - 2m = 317 uh 

S i nce 

The mutual inductance, M, i s  37 uh and the  c o e f f i c i e n t  o f  coupl ing 

o f  t he  two f i e l d  c o i l s  i s  k = 0.2. 

The inductance of t h e  armature c o i l  LA i s  t h e  same f o r  both h i g h  

temperature models. Some discrepancy e x i s t s  between the  t h e o r e t i c a l  

v a l u e o f  35 uh and a measured v a l u e o f  50 uh. Since both c o i l s  measured 

50 uh, t h i s  value was used f o r  t he  con t ro l  system design. I t  i s  not  

poss ib le  t o  o b t a i n  data f o r  t h e  mutual inductance o f  each s ide o f  the  

c o i l  as was done above wi thout  severing t h e  w i re  i n  an inaccessib le 

locat ion .  



CHAPTER IV 

LOW TEMPERATURE MODEL CONTROL SYSTEM DESIGN 

Pre l im inary  i n v e s t i g a t i o n  o f  t he  c o n t r o l  system requ i red  f o r  t h e  

s k i n  f r i c t i o n  sensor was begun w i t h  the  aluminum-wire model. Aluminum- 

w i re  was wound b i f i l a r l y  ( to  s imu la te  i n s u l a t i o n  spacing) on the  ceramic 

forms, wh i l e  awa i t i ng  d e l i v e r y  o f  t he  molybdenum w i re  w i t h  qua r t z  in -  

s u l a t i o n .  The motor-sensor c h a r a c t e r i s t i c s  a r e  shown i n  t h e  b lock  

diagram i n  F igure  29. These c h a r a c t e r i s t i c s  inc lude those o f  t h e  

fo rce  a p p l i c a t o r .  IT was necessary t o  p o s i t i o n  t h e  armature probe 

w i t h  the  s t i n g  t o  t h e  n u l l  pos i t i on ,  s ince  no e l e c t r i c a l  n u l l  i n j e c t o r  

had as y e t  been designed. The armature mechanical resonant frequency 

i s  approximately equal t o  t h e  7 Kz pred ic ted  by t h e  sp r ing  constant  

of  t he  motor f l e x u r e  and the  armature moment o f  i n e r t i a .  

I t  was the  i n t e n t  a t  t h i s  p o i n t  i n  the  design stage t o  completely 

design the  c o n t r o l  system, s imu la t i ng  the  f i n a l  motor w i t h  the  aluminum- 

w i r e  motor u n t i l  the  m a t e r i a l s  were received. However, c e r t a i n  

observat ions were made a t  room temperature on the  experimental system. 

The n u l l  p o s i t i o n  sh i f t ed ,  f o l l o w i n g  successive de f l ec t i ng ,  as much 

as 2.5 m i l l i r a d i a n s .  Th is  p o s i t i o n  change was due t o  the  sp r ing  constant  

o f  t h e  armature leads. To counteract  t h i s  ac t ion ,  t h e  leads were bent 

o r thogona l ly  t o  t h e  d i r e c t i o n  o f  the  app l ied  fo rce  and placed i n  pools 

o f  mercury, i n s t a l l e d  t o  p rov ide  a  l i q u i d  contac t  and the  subsequent 

freedom o f  movement o f  t he  loads. However, d i f f i c u l t i e s  were encountered 

w i t h  poor contac t  developing a t  t imes w i t h  t h e  aluminum w i re  because o f  



t h e  r a p i d  o x i d a t i o n  o f  t h e  bare  w i r e  upon exposure t o  atmosphere. 

I n  an a t t emp t  t o  e l i m i n a t e  t h i s  problem, t h e  h i gh  temperature motor 

used t h e  f l e x u r e  suppor t  members as armature c u r r e n t  conductors .  

The bas i c  c o n t r o l  system was completed w i t h  t h e  u n i t s  shown i n  

t h e  schematic b l o c k  diagram i n  F i g u r e  27. The armature c o i l  i s  energ ized  

w i t h  t h e  cons tan t  a.c. c a r r i e r  s i g n a l  v i a  t h e  power amplifier, s p e c i f i c a l l y  

designed so t h a t  t h e  v o l t a g e  induced i n t o  t h e  f i e l d  c o i l s  i s  independent 

o f  t h e  armature s e r i e s  and lead res i s t ance .  A cons tan t  d.c.  c u r r e n t  

gene ra to r  energ izes  t h e  f i e l d  c o i l s .  Demodulation i s  performed by 

t h e  r i n g  demodulator f o l l owed  by a  low pass f i l t e r .  The re fe rence  

s i g n a l  f o r  t h e  demodulator i s  p rov i ded  by t h e  f i l t e r e d  re fe rence  

a m p l i f i e r  and a  u n i t y  g a i n  phase s h i f t e r ,  which e s t a b l i s h e s  t h e  necessary 

phase r e l a t i o n s h i p .  The compensating a m p l i f i e r ,  which i n t r oduces  

a  s e r i e s  lag and s imp le  p o l e  network i n t o  t h e  loop, p rov i des  t h e  

necessary ad justment  t o  loop g a i n  f o r  system s t a b i l i t y .  The d.c. 

s i g n a l  from t h e  compensating a m p l i f i e r  i s  a p p l i e d  t o  t h e  power 

a m p l i f i e r .  T h i s  power a m p l i f i e r  p rov i des  t h e  motor w i t h  t h e  c u r r e n t  

requ i red  t o  produce t h e  r - es to r l  ng to rque .  

F i gu re  28 p resen ts  a  schematic o f  t h e  c o n t r o l  system. A f u n c t i o n a l  

b l o c k  i s  i nc l uded  i n  t h e  b l o c k  diagram i n  F i gu re  29 t o  s i m u l a t e  a secondary 

loop coup l i ng .  The g a i n  o f  t h i s  loop i s  cons tan t  as a  f u n c t i o n  of 

armature p o s i t i o n  and v a r i e s  l i n e a r l y  w i t h  a  change i n  t h e  c a r r i e r  

amp l i tude .  I t  appears as though t h e  c o u p l i n g  through t h e  power s u p p l i e s  

generated t h i s  s i g n a l  a l though  i t  c o ~ ~ l d  n o t  be proven; and, s ince t h i s  









was n o t  t o  be t h e  f i n a l  design, f u r t h e r  i n v e s t i g a t i o n  was n o t  worrh  

whi l e .  

A more d e t a i l e d  a n a l y s i s  o f  t h e  f u n c t i o n a l  u n i t s  w i l l  n o t  be 

descr ibed  here, because coup I i ng between t h e  power supp I  i es p reven ted  

t h e  c l osed  loop system f rom pe r f o rm ing  aqcord ing  t o  t heo ry .  T h i s  

problem was e l i m i n a t e d  i n  t h e  f i n a l  des ign  f o r  t h e  h i gh  temperature 

motor and, t h e r e f o r e ,  a  more d e t a i l e d  d e s c r i p t i o n  i s  g i v e n  i n  t h e  

nex t  chap te r .  

There are,  however, c e r t a i n  parameters o f  t h e  system which a r e  

o f  i n t e r e s t .  F i g u r e  29 represen ts  i t s  f u n c t i o n a l  behav io r  as a  

feedback c o n t r o l  system. To rep resen t  i t s  c h a r a c t e r i s t i c s  as a  

t o r q u e  measurement sensor, t h i s  can be redrawn as shown i n  F i g u r e  30. 

The loop g a i n  o f  t h e  c a r r i e r  loop o f  t h e  system can be determined f rom 

t h e  b l o c k  diagram i n  F i gu re  30 t o  be 

-K ( 1 + 2 . 0 4 ~ 1 0 - ~ s ) (  1 + 1 . 4 5 ~ 1 0 - ~ 5 ) (  1 + 0 . 0 1 6 s ) ~ (  14-1 . 4 x 1 0 - ~ s )  
Loop Ga i n  = - x 

[ ( 4 . 2 ~ 1 0 - ~ ) ~ ~ + 0 . 4 1 s + l ] (  l t 2 . 7 x 1 0 - ~ s ) (  l + l  . I  I X I O - ~ S ) ~ (  I + ( ~ x I o - ~ ) s ~  

For  Ec, t h e  c a r r i e r  s i g n a l  source ampl i tude,  equal t o  150 m i l l i v o l t s  

t h e  loop g a i n  cons tan t ,  K equa ls  110. The t o r q u e  o f  t h e  f l e x u r e  
P ' 

must be a  smal l  f r a c t i o n  o f  motor  to rque .  For  a  s t ep  i n p u t  o f  s k i n  

f r i c t  i on t o rque  





t o  produce a steady s t a t e  motor torque e r r o r ,  T , o f  1 %  where 
e 

SS 

the  system ga in  constant must be 99. I n  order  t o  meet the  p o s i t i o n  

e r r o r  s p e c i f i c a t i o n :  

where 

T~ = 7 x ~ o - ~ i n - l b  maximum 

' e = 5 x 1 0 - ~ r a d  maximum 
S S 

and 



Therefore, w i t h  K equal t o  110,both cond i t i ons  can be s a t i s f i e d .  
P 

Th is  system was designed f o r  t he  maximum bandwidth p r a c t i c a l .  

Of course, much phase s h i f t  and many s i n g u l a r i t i e s  due t o  t h e  c a r r i e r  

frequency a m p l i f i e r  a re  encountered above the  frequency I KHz. A 

r a t i o  o f  20: l  o f  c a r r i e r  frequency t o  system crossover frequency i s  

genera l l y consi dered necessary f o r  the  demodu l a t  i on  [ 2 5 ] .  The cross-  

over frequency f i s  200 Hz as ind ica ted  on the  open loop frequency 
C 

response shown i n  F igure  31. The phase margin a t  crossover i s  

approxi mate l y 90'. 

The system response was determined by breaking the  loop a t  

t he  i npu t  t o  t h e  power a m p l i f i e r .  A s inuso ida l  pe r tu rba t i on  o f  t he  

system was prov ided through a low impedance source. For frequencies 

g rea te r  than 30 Hz a Hewlett-Packard Model 302A wave analyzer  w i t h  

a BFO was used f o r  input  and moni to r ing  o f  ou tpu t  o f  the  compensating 

a m p l i f i e r .  For low frequencies (0.01 - 50 Hz), t he  input  was 

prov ided by a Wavetek Model 110 f u n c t i o n  generator .  The ou tpu t  o f  

the  compensating a m p l i f i e r  and fhe  i npu t  t o  t he  system were monitored 

both w i t h  a C l e v i t e  Brush Recorder Mark 280 and a Tek t ron i x  5615 

osci  I loscope. 

The response o f  t he  system t o  a step i npu t  i nd i ca tes  t h e  damping, 

t he  r i s e  t ime, and the  s e t t l i n g  t ime where 

t = r i s e  t ime = the  i n t e r v a l  between the  i n t e r s e c t i o n  o f  a l i n e  
r 

tangent t o  c ( t )  a t  t = t and the  i n t e r s e c t i o n  of 
d 
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Figure 31. Low Temperature System Open Loop Frequency Response 



t = t i m e  de lay  = i n t e r v a l  between t h e  a p p l i c a t i o n  o f  i n p u t  s tep  
d 

and i n s t a n t  when response reaches 1/2 f i n a l  

va lue  [26] 

and 

t = s e t t l i n g  t ime  = t i m e  r e q u i r e d  f o r  t h e  o u t p u t  response f i r s t  
S 

t o  reach and t h e r e a f t e r  remain w i t h i n  a pre-  

s c r i b e d  percentage o f  t h e  f i n a l  va lue .  Common 

va lues a r e  2 and 5  p e r  c e n t  1271  

Expe r imen ta l l y  t h e  s tep  response was ob ta i ned  by d r i v i n g  t h e  system 

w i t h  a low f requency square wave i n j e c t e d  a t  t h e  summing p o i n t  o f  t h e  

o p e r a t i o n a l  a m p l i f i e r  o f  t h e  power a m p l i f i e r .  I t  i s  des i r ab le ,  o f  

course, t o  d r i v e  t h e  system w i t h  a  t o r q u e  s t e p  i n p u t  b u t  t h i s  was n o t  

a v a i l a b l e .  

The t r a n s i e n t  response o f  t h e  system t o  a  s tep  i n p u t  i s  shown 

i n  F i g u r e  32. The i nput  i s  t o  t h e  power amp l i f i e r  and t h e  response 

i s  taken  a t  t h e  o u t p u t  o f  t h e  compensating a m p l i f i e r .  From F i g u r e  

3 2 

tr 3 2.5 msec 

t = 1 . 2  msec 
d  

t = 7  msec 
S 

The system i s  c r i t i c a l l y  damped. These r e s u l t s  agree w i t h  t h e  

c rossover  f requency o f  200 Hz and t h e  phase marg in  o f  a lmost  90°. 



Figure 32. Transient Response of Low Temperature System 



CHAPTER V 

HIGH TEMPERATURE MODEL CONTROL SYSTEM DESIGN 

I .  GENERAL 

The molybdenum-wire motors  a r e  i nco rpo ra ted  i n t o  t h e  b a s i c  c o n t r o l  

system shown i n  t h e  schematic b l o c k  diagram i n  F i g u r e  33. For  t h e  

f i n a l  h i g h  temperature a p p l i c a t i o n  t h e  armature c o i l  i s  energ ized  w i t h  

t h e  cons tan t  amp l i tude  a,c. c a r r i e r  s i g n a l  v i a  t h e  power a m p l i f i e r ,  

s p e c i f i c a l l y  designed so t h a t  t h e  v o l t a g e  induced i n t o  t h e  f i e l d  c o i l s  

i s  independent o f  t h e  armature s e r i e s  and lead r e s i s t a n c e .  Two cons tan t  

c u r r e n t  f i e l d  s u p p l i e s  ene rg i ze  t h e  f i e l d  c o i l s .  The f i e l d  c o i l s  a r e  

energ ized  sepa ra te l y  i n  o r d e r  t h a t  t h e  supp ly  v o l t a g e  can be k e p t  t o  

a  minimum. Based on t h e  des ign  and t h e  maximum r e s i s t a n c e  o f  each 

f i e l d  c o i l  (7.5 ohms a t  e l eva ted  temperatures) ,  t h e  supp ly  v o l t a g e  was 

s e t  a t  30 v o l t s .  A l though t h i s  does n o t  meet t h e  v o l t a g e  requi rement  

s p e c i f i c a t i o n  (61, t h e  des ign  o f  an a p p r o p r i a t e  power supply  i s  n o t  

d i f f i c u l t .  The vo l t ages  induced i n t o  t h e  f i e l d  c o i l s  a r e  summed a t  

t h e  i n p u t  t o  t h e  p r e a m p l i f i e r  w i t h  a  n u l l  s i g n a l .  

The n u l l  s i g n a l  v o l t a g e  i s  developed i n  a sens ing r e s i s t o r  i n  

s e r i e s  w i t h  t h e  armature c o i l  i n  t h e  power a m p l i f i e r .  A f t e r  t h e  s i g n a l  

i s  f i l t e r e d  and a m p l i f i e d  i n  t h e  n u l l  s i gna l  a m p l i f i e r ,  t h e  u n i t y  g a i n  

phase s h i f t e r  i s  ad jus ted  such t h a t  t h e  n u l l  s i g n a l  i s  180' o u t  o f  

phase w i t h  r espec t  t o  t h e  summed o u t p u t  o f  t h e  f i e l d  c o i l s .  The 

amp l i tude  i s  s e t  i n  t h e  n u l l  s i g n a l  a m p l i f i e r  f o r  exac t  c a n c e l l a t i o n  

and s i g n a l  n u l l  a t  t h e  summation p o i n t  i n  t h e  p r e a m p l i f i e r .  I t  





should  be noted t h a t  t h e  n u l l  s i g n a l  p a t h  in t roduces  a  secondary loop 

in-bo t h e  system. The e f f e c t  o f  t h i s  loop i s  d iscussed l a t e r  i n  t h e  

chap te r .  

The p r e a m p l i f i e r  i s  a  h i g h  g a i n  o p e r a t i o n a l  a m p l i f i e r  w i t h  assoc ia ted  

f i l t e r i n g  and a summing a m p l i f i e r  as s t a t e d  above. Demodulat ion i s  

performed by t h e  r i n g  demodulator which i s  f o l l o w e d  by a  low pass f i t t e r .  

The re fe rence  s i g n a l  f o r  t h e  demodulgtor i s  p rov i ded  by t h e  f i l t e r e d  

re fe rence  a m p l i f i e r  and a  u n i t y  g a i n  phase s h i f t e r ,  The u n i t y  g a i n  

phase s h i f t e r  e s t a b l i s h e s  t h e  necessary phase r e l a t i o n s h i p .  The com- 

pensa t ing  a m p l i f i e r ,  which in t roduces  an a c t i v e  composi te s e r i e s  

e q u a l i z e r  i n t o  t h e  c a r r i e r  loop, p rov i des  t h e  necessary ad jus tment  

t o  loop g a i n  f o r  system s t a b i l i f y .  

A l i m i t e r  i s  i n s e r t e d  between t h e  compensating a m p l i f i e r  and t h e  

power a m p l i f i e r  t o  a l l o w  t h e  system t o  ope ra te  i n  t h e  a c t i v e  r e g i o n  

d u r i n g  e n e r g i z i n g  and t o  p reven t  la tch-up.  Thus, t h e  p r imary  f u n c t i o n  

o f  t h e  l i m i t e r  i s  u t i l i z e d  o n l y  d u r i n g  tu rn -on .  

The d.c. s i g n a l  f rom t h e  l i m i t e r  f l ows  t o  t h e  power a m p l i f i e r  

which p rov i des  t h e  motor  w i t h  t h e  c u r r e n t  r e q u i r e d  t o  produce t h e  

r e s t o r i n g  to rque .  The c o n t r o l  loop i s  now complete.  Readout o f  t h e  

d i s t u rbance  t o r q u e  i s  p r o p o r t i o n a l  t o  t h e  armature c u r r e n t  r e q u i r e d  

t o  produce t h e  r e s t o r i n g  to rque .  Remember t h a t  t h e  t o r q u e  has t h e  

same magnitude as t he  a p p l i e d  f o r c e  s i n c e  a I - i n c h  moment arm i s  

emp l  oyed , 

2. SYSTEM GAIN 

The h i g h  temperature model c o n t r o l  system i s  a Type zero  system. 



Since a  cons tan t  a c t u a t i n g  a i gna l  r e s u l t s  i n  a  cons tan t  va l ue  f o r  t h e  

c o n t r o l l e d  v a r i a b l e ,  t h e  ze ro  i n t e g r a t i o n  system w i l l  n o t  b r i n g  t h e  

o u t p u t  i n t o  exac t  correspondence w i t h  t h e  i n p u t .  The des i r ed  degree 

o f  accuracy i s  ob ta i ned  by making t h e  system g a i n  s u f f i c i e n t l y  la rge ,  

s i n c e  t h e  f i n a l  e r r o r  v a r i e s  l i n e a r l y  w i t h  t h e  magnitude o f  t h e  i n p u t  

s tep  and i n v e r s e l y  w i t h  t h e  d.c. loop ga in .  

Accord ing t o  t h e  s p e c i f i c a t t o n s  s t i p u l a t e d ,  t h e  p o s i t i o n  e r r o r  

i s  n o t  t o  exceed 5 x  rad ians .  I n  o r d e r  t o  meet t h e  p o s i t i o n  e r r o r  

requirement,  i t  hqs p r e v i o u s l y  been e s t a b l i s h e d  t h a t  K 26.4. For  a  
P  

s tep  i n p u t  o f  s k i n  f r i c t i o n  t o r q u e  and a  motor  t o rque  e r r o r  o f  1 %  

t h e  g a i n  o f  t h e  system K must be equal t o  o r  g r e a t e r  t han  99. S ince  
P  

no s p e c i f i c a t i o n  had been e s t a b l i s h e d  on t h e  motor  t o rque  e r r o r  ( a l s o  

readou t  e r r o r ) ,  t h e  g a i n  o f  system was s e t  a t  K = 90 based on t h e  
P  

above i n f o rma t i on .  Subsequent ly,  t h e  t h e o r e t i c a l  s t eady -s ta te  p o s i t i o n  

e r r o r  and motor  t o r q u e  e r r o r  a re  

- 
d  

' e  
= 0.15 x r ad ians  

SS 
- ( I  + K  )K  

P  f 

and 

where 

' d = 7 x i n - l b  
ma x 



and 

3. ELECTRONIC CONTROL CIRCUIT 

The system e l e c t r o ~ i c s  i s  shown i n  t h e  schematic i n  F i g u r e  34 .  

The f u n c t i o n a l  u n i t s  a l r eady  descr ibed  a r e  enc losed by d o t t e d  l i n e s  

and labe led.  

The c a r r i e r  s i g n a l  o f  5 KHz i s  generated by a Hewlet t -Packard 

T e s t  O s c i l l a t o r  651A a t  a cons tan t  amp l i tude  o f  200 m i l l i v o l t s .  The 

o u t p u t  o f  t h e  s i g n a l  source i s  connected t o  C41 o f  t h e  u n i t y  g a i n  phase 

s h i f t e r  i n  t h e  r e fe rence  c i r c u i t  o f  t h e  r i n g  demodulator and i s  p a r a l l e l e d  

by po ten t i ome te r  R I ,  which serves as t h e  system g a i n  ad jus tment .  The 

a t t enua ted  o u t p u t  a t  RI i s  coupled through an e m i t t e r  f o l l o w e r  t o  t h e  

i n p u t  o f  t h e  power a m p l i f i e r  a t  C I .  

The c a r r i e r  f requency was se lec ted  as 5 KHz f o r  two reasons. F i r s t ,  

t h e  f i l t e r i n g  o f  t h e  d isp lacement  t ransducer ,  c a p a c i t i v e  c o u p l i n g  and 

t h e  gain-bandwidth p roduc t  o f  t h e  o p e r a t i o n a l  u n i t s  employed were 

de te rmin ing  f a c t o r s .  Secondly, a r a t i o  o f  20 : l  o f  c a r r i e r  f requency 

t o  system c rossover  f requency [25] i s genera l l  y cons i dered necessary 

f o r  +he demodulat ion.  Based on a system c rossover  f requency o f  

approx imate ly  25 Hz, t h e  c a r r i e r  f requency i s  t e n  t imes  t h a t  s t i p u l a t e d  

as necessary. The system g a i n  i s  nom ina l l y  s e t  by  RI f o r  100 m i l l i v o r t s .  

The system g a i n  can be changed as long as  changes i n  t h e  s p e c i f i c a t i o n s  
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can be t o l e r a t e d  and t h e  system s t a b i l i t y  can be ma in ta ined .  

Demodulator Reference C i r c u i t  

A u n i t y  g a i n  phase s h i f t e r  composed o f  t r a n s i s t o r s  918 and Q19 

and assoc ia ted  c i r c u i t r y  and t h e  re fe rence  a m p l i f i e r  A14, an a c t i v e  

RC f i l t e r  i ng network, p r o v i d e  t h e  necessary s  i gna l t o  t h e  r e fe rence  

s i d e  o f  t h e  t r ans fo rmer  T3 o f  t h e  r i n g  demodulator,  For  p roper  

o p e r a t i o n  o f  t h e  r i n g  demodulator, t h e  r e fe rence  s i g n a l  must be g r e a t e r  

than  t w i c e  t h a t  o f  t h e  i n p u t  s i g n a l .  S ince t h e  maximum c l osed  loop 

s i g n a l  i s  l e ss  t han  I v o l t  rms, t h e  amp l i tude  o f  t h e  r e fe rence  s i g n a l  

must be g r e a t e r  t han  2 v o l t s  rms. 

The u n i t y  g a i n  phase s h i f t e r  p rov i des  a means f o r  a d j u s t i n g  t h e  

re fe rence  s i g n a l  so t h a t  i t  i s  i n  phase 180' o u t  o f  phase w i t h  t h e  

a m p l i f i e d  t r ansduce r  s i g n a l .  Po ten t iomete r  R93 i s  ad jus ted  f o r  t h e  

des i r ed  phase r e l a t i o n s h i p .  The phase s h i f t e r  i n v e r t s  t h e  s i g n a l  

r ece i ved  a t  C41 and increases t h e  s h i f t ,  , by t h e  r e l a t i o n s h i p  

(see  Appendix H I  

The e m i t t e r  f o l l o w e r  919 i s  used t o  p reven t  load ing  o f  R93 and 

t o  p r o v i d e  a  low o u t p u t  impedance t o  t h e  r e fe rence  a m p l i f i e r .  Some 

f i l t e r i n g  t akes  p l a c e  i n  t h e  phase s h i f t e r  by t h e  R-C network C41 and 



t h e  i n p u t  impedance a t  t h e  base o f  918 which i s  approx imate ly  18 

k i lohms.  Therefore,  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  u n i t y  g a i n  phase 

sh i f t e r  i s 

The re fe rence  a m p l i f i e r  p rov ides  a d d i t i o n a l  f i l t e r i n g  o f  t h e  

s i g n a l  and y i e l d s  a g a i n  o f  40 a t  5 KHz. Th i s  i s  t h e  maximum g a i n  

a l lowed t o  remain i n  t h e  a c t i v e  reg ion  o f  A14 w i t h  an o s c i l l a t o r  

s i g n a l  source ampl i tude  o f  200 m i l l i v o l t s  rms. The re fe rence  vo l t age  

o f  t h e  r i n g  demodulator i s ,  t he re fo re ,  8 v o l t s  rms. Th i s  g r e a t l y  

exceeds t h e  vo l t age  necessary f o r  p roper  opera t ion .  The load on 

A14 i s  t he  same as t h a t  r a t e d  on t h e  ope ra t i ona l  u n i t ,  5 k i lohms.  

The t r a n s f e r  f u n c t i o n  o f  t h e  re fe rence  a m p l i f i e r  

has two  po les  a t  t h e  break frequency o f  5 KHz. Combining t h e  t w ~  

t r a n s f e r  f unc t i ons ,  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  re fe rence  c i  r c u i  t i s  

determined t o  be 



Power A m p l i f i e r  

The power a m p l i f i e r  employed i n  t h i s  system must n o t  o n l y  p r o v i d e  

d i r e c t  c u r r e n t  t o  t h e  motor  t o  produce t h e  r e s t o r i n g  t o rque  b u t  must 

a l s o  p r o v i d e  a  means o f  super imposing t h e  5  KHz c a r r i e r  s i g n a l  on t h e  

armature a t  a cons tan t  c u r r e n t  ampl i tude.  Of course, t h e  f requency 

response o f  t h e  power a m p l i f i e r  would be i d e a l l y  f l a t  f rom d.c.  t o  

50 KHz. However, a  s m a l l e r  passband can be t o l e r a t e d  as long as t h e  

loop g a i n  i s  h i g h  enough a t  t h e  c a r r i e r  f requency.  The power a m p l i f i e r  

i s  a  u n i t y  feedback module and a  Type 0  c o n t r o l  system. 

As p r e v i o u s l y  s ta ted ,  t h e  motor r e q u i r e d  3.75 amps t o  produce 

- 3 
7 x 10 i n - l b  o f  t o r q u e  as r e q u i r e d  by t h e  system. S ince t h e  f o r c e  

i s  a p p l i e d  t o  t h e  system b i d i r e c t i o n a l l y ,  t h e  power a m p l i f i e r  must 

be capable  o f  p r o v i d i n g  a t  l e a s t  3,75 amps i n  bo th  d i r e c t i o n s  th rough  

t h e  armature c o i l  o f  t h e  motor .  A sens ing r e s i s t o r  R24 had t o  be  

used s i n c e  t h e  armature s e r i e s  r e s i s t a n c e  increases t o  5.2 ohms a t  

t h e  e l eva ted  temperature o f  2000°F. The u n i t  s t a b i l i t y  i s  ma in ta ined  

by t h e  necessary compensation f o r  t h i s  wide parameter v a r i a t i o n .  

Many b a s i c  designs were cons idered  f o r  t h e  power a m p l i f i e r .  S lnce 

a  d.c. a m p l i f i e r  cannot  employ t r ans fo rmer  o r  c a p a c i t o r  c o u p l i n g  t o  

t h e  ou tpu t ,  d r i f t  i n  t h e  o p e r a t i n g  p o i n t  on b i a s  network p resen t s  a  

s e r i o u s  des ign  problem. A s i n g l e  supply  t r a n s i s t o r  b r i d g e  a m p l i f i e r  

was cons idered.  However, t h e  supply  v o l t a g e  r e q u i r e d  and t h e  problems 

encountered w i t h  super imposing t h e  c a r r i e r  s i g n a l  e l i m i n a t e d  t h i s  

poss i  b i  l  i t y .  



With t h e  advent o f  complementary power t r a n s i s t o r s ,  t h e  problem 

o f  d r i f t  and c o u p l i n g  i s  a l l e v i a t e d .  The power a m p l i f i e r  c o n s i s t s  

b a s i c a l l y  o f  a  h i g h  g a i n  ope ra t i ona l  a m p l i f i e r ,  A l ,  which serves bo th  

as a  summer and a  comparator i n  con junc t i on  w i t h  i t s  assoc ia ted  

c i r c u i t r y ,  h e r e a f t e r  r e f e r r e d  t o  as s e c t i o n  one and a  symmetr ical  

p o s i t i v e  and nega t i ve  power sec t i on .  

The power a m p l i f i e r ,  as s t a t e d  above, i s  a u n i t y  feedback Type 0 

c o n t r o l  system. Therefore,  t h e  e r r o r  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  

loop ga in .  The u n i t  has been designed so t h a t  a t  t h e  maximum load 

r e s i s t a n c e  o f  7.2 ohms, assuming lead r e s i s t a n c e  o f  2  ohms, t h e  minimum 

loop g a i n  a t  d.c. i s  100. The minimum g a i n  a t  t h e  c a r r i e r  f requency 

o f  5 KHz i s  6 a t  t h e  maximum temperature t o  which t h e  armature c o i l  

i s  sub jec ted  and 12 a t  room temperature.  

One break frequency occurs due t o  t h e  R-C network comprised o f  

t h e  load res i s tance  and t h e  capaci tance o f  t h e  power t r a n s i s t o r s .  The 

p o l e  occurs between I  KHz and 2 KHz va ry i ng  i n v e r s e l y  i n  f requency w i t h  

r espec t  t o  an increase o f  armature s e r i e s  res i s tance .  Another p o l e  

occurs i n  t h e  loop frequency response due t o  t h e  i n t e r a c t i o n  o f  t h e  

armature c o i  l  inductance LA =50 mic rohenr ies  and t h e  s e r i e s  r e s i s t a n c e .  

The power a m p l i f i e r  has been s t a b i l i z e d  w i t h  t h e  premise t h a t  t h e  

armature c o i l  has a t  a l l  t imes  a t  l e a s t  2  ohms o f  lead res i s tance .  

Th i s  p o l e  occurs a t  t h e  frequency o f  10 KHz when t h e  motor i s  a t  room 

temperature and a t  24 KHz when t h e  motor i s  sub jec ted  t o  2000°F. S ince 

t h e  ope ra t i ona l  a m p l i f i e r  Al  r e q u i r e s  some capaci tance feedback f o r  

s t a b i l i t y ,  i t  i s  obv ious t h a t  t h e  system as i t  e x i s t s  w i t h o u t  compensation 



i s  unstab le ,  even disregarding h i g h e r  f requency e f f e c t s .  

Sec t ion  one o f  t h e  power a m p l i f i e r  has t h e  t r a n s f e r  f u n c t i o n  f o r  

an i npul- t o  R3 

Capac i t o r  CI b l ocks  t h e  d.c. and a l l o w s  o n l y  t h e  c a r r i e r  s i g n a l  t o  

pass. A s i g n a l  i n s e r t e d  a t  CI has t h e  same t r a n s f e r  c h a r a c t e r i s t i c  

as t h e  above a t  t h e  c a r r i e r  f requency. 

S ince t h e  open loop s i g n a l  a t  ?he o u t p u t  o f  t h e  power a m p l i f i e r  

must be 180' o u t  o f  phase w i t h  r espec t  t o  t h e  i n p u t  s i g n a l  f o r  a  

nega t i ve  feedback system, t h e  o p e r a t i o n a l  a m p l i f i e r  serves as a  

d i f f e r e n c e  a m p l i f i e r .  Because f i l t e r i n g  i s  r e q u i r e d  on t h e  c a r r i e r  

s i g n a l  i n p u t  t o  t h e  summing j u n c t i o n  o f  A l ,  some po le -zero  c a n c e l l a t i o n  

i s  necessary on t h e  n o n - i n v e r t i n g  i npu t .  The o u t p u t  o f  t h e  d i f f e r e n c e  

a m p l i f i e r  i s  d e f i n e d  by 

where 

ZFD = feedback impedance o f  Al 

ZI = p a r a l l e l  comb ina t ion  o f  i n v e r t i n g  i n p u t  impedances 

El = i n v e r t i n g  i n p u t  s i g n a l  

E~ I = n o n - i n v e r t i n g  i n p u t  s i g n a l  

E = o u t p u t  s i g n a l  
0 



Since  t h e  d e s i r e d  o u t p u t  o f  t h e  d i f f e r e n c e  a m p l i f i e r  i s  

t h e  o u t p u t  s i g n a l  o f  t h e  power a m p l i f i e r  must be mod i f i ed  w i t h  a  lag  

network f o r  comparison purposes. The c i r c u i t  has been designed such 

t h a t  /zFD I >> I ~ 3 (  I  + sC I  R4)sC l  1 . There fo re ,  t h e  I  ag network comprised 

o f  R5, R6, and C4 produces t h e  d e s i r e d  r e s u l t .  A l though t h e  o u t p u t  

impedance o f  t h e  l i m i t e r  o f  1.93 k i lohms has some e f f e c t  on t h e  d e s i r e d  

t r a n s f e r  f unc t i on ,  t h e  o u t p u t  impedance o f  e m i t t e r  f o l l o w e r  Q I  o f  

approx imate ly  500 ohms has v i r t u a l l y  none. The t o t a l  e f f e c t  o f  t h i s  

load ing  i s  no more t han  10% amp1 i-tude v a r i a t i o n  a t  t h e  c a r r i e r  f requency 

i n  t h e  c l osed  loop o u t p u t  o f  t h e  power a m p l i f i e r .  

Po ten t iomete r  R9 p rov i des  a means whereby t h e  b i a s  can be a d j u s ~ e d  

so t h a t  t h e  o u t p u t  i s  zeroed when t h e  i n p u t  i s  grounded, The b i a s  

network a d j o i n e d  t o  t h e  po ten t i ome te r  i nc l udes  a  lead network composed 

o f  R12, R13, C6 and a  p o r t i o n  o f  R9. As p r e v i o u s l y  s t a ted ,  t h e  power 

s e c t i o n  has symmetr ic p o s i t i v e  and nega t i ve  o u t p u t  d r i v e r s .  The 

nega t i ve  o u t p u t  c o u n t e r p a r t  c o n s i s t s  o f  R16, R17, C8 and t h e  rema in ing  

p o r t i o n  o f  R9. The t r a n s f e r  f u n c t i o n  o f  t h i s  s e r i e s  e q u a l i z e r  i s  

A lead network c o n s i s t i n g  of R14, R15, RIG, and C7  completes ithe 

necessary compensation f o r  t h e  power a m p l i f i e r .  The nega t i ve  coun te rpa r t  



con ta ins  R16, R17 and C8. Since t h e  o u t p u t  impedance o f  e m i t t e r  

f o l l owe rs  9 2  and Q3 i s  less  than  100 ohms, t h i s  has no e f f e c t  on t h e  

t r a n s f e r  f u n c t i o n .  Therefore,  t h e  zero occurs gt a frequency o f  80 

KHz and t h e  p o l e  occurs a t  200 KHz. 

Capac i to r  C9, which i s  used t o  a t t enua te  a t  h i g h  f requencies,  

e f f e c t s  a  p o l e  a t  250 KHz. The open loop t r a n s f e r  f u n c t i o n  f o r  t h e  

power a m p l i f i e r  a t  room temperature w i t h  armature lead r e s i s t a n c e  

o f  2 ohms i s  

The g a i n  marg in  i s  4.7 and t he  phase marg in  i s  40'. 

Based on t h e  above assumption o f  lead res i s tance ,  t h e  open loop 

t r a n s f e r  f u n c t i o n  f o r  t h e  power amp l  i f  i e r  when t h e  armature c o i  l is 

a t  2000°F i s  



The power a m p l i f i e r  has i nc reas ing  r e l a t i v e  s t a b i l i t y  f o r  i n c reas ing  

temperatures a p p l i e d  t o  t h e  armature c o i l .  The phase marg in  i s  64' 

and t h e  g a i n  marg in  i s  7.1. 

Accord ing So t h e  des ign  c r i t e r i o n  used, t h e  ampliPude a t  t h e  

c a r r i e r  f requency o f  t h e  c l osed  loop system shquld  n o t  change more 

t h a n  3% ove r  4he temperature range a f  i n t e r e s t  no r  should  t h e  phase 

a t  t h i s  f requency sh i  f t  more t han  5'. 

The exper imenta l  c l osed  loop frequency response o f  t h e  power 

a m p l i f i e r  i s  shown i n  F i gu re  35. The i n p u t  t o  t h e  u n i t  was s u p p l i e d  

by a Wavetek Model 110 f u n c t i o n  gene ra to r  f o r  low f requenc ies  and 

a  Hewlet t -Packard Model 302A wave ana l yze r  f o r  h i g h  f requenc ies .  The 

o u t p u t  was t aken  ac ross  R24. The BFO o f  t h e  wave ana l yze r  was used 

f o r  t h e  i n p u t  and o u t p u t  m o n i t o r i n g  a t  h i g h  f requenc ies ,  The low 

f r equenc ies  were mon i to red  w i t h  a  C l e v i t e  Brush Recorder Mark 280, 

A 5 ohm r e s i s t o r  was i n s e r t e d  i n  s e r i e s  w i t h  t h e  armature c o i l  

t o  s imu la te  t h e  c o i l  r e s i s t a n c e  a t  2000°F. A t  t h e  c a r r i e r  frequency, 

t h e  amp l i t u d e  v a r i a t i o n  ove r  t h e  temperature range is I %. The phase 

s h i f t  was measured on an o ~ c i l l o s c o p e  and found t o  be approx imate ly  

2'. The pass band i s  approx imate ly  20 KHz. 

A l l  o f  t h e  t r a n s i s t o r s  employed a r e  complementary p a i r s .  The 

f i n a l  power t r a n s i s t o r s  98 and 99 d i s s i p a t e  a  maximum o f  75 w a t t s  a t  

room temper3tut-e and r e q u i r e  adequate thermal c o o l i n g .  The thermal 

r e s i s t a n c e  f o r  these t r a n s i s t o r s  i s  O = 1.2 "C/watt .  Wi th  a  
S C 

maximum j u n c t i o n  temperature o t  200°C ( p l u s  a s a f e t y  f a c t o r ) ,  t h e  

maximum thermal r e s i s t a n c e  case - t o -a i r  should  be less  than  0.7 O C / w a t t .  





The t r a n s i s t o r s  have a  V C E O i  60 v o l t s .  I f  t h e  power supply voltages 

should be increased t o  accommodate an increased load, h igh voltage 

t r a n s i s t o r s  w i l l  be required.  

An adjustment f o r  a l t e r i n g  the  b ias  I s  ava i l ab le .  The d i s t o r t i o n  

adjustment R19 e l im ina tes  crossover d i s t o r t i o n .  The quiescent cu r ren t  

i n  t h e  d r i v e r  stages i s  150 mil l iamperes, I f  the  u n i t  i s  t o  be 

subjected t o  large temperature var ia t ions ,  diodes p a r a l l e l e d  by the  

d i s t o r t i o n  potent iometer can be used in place of e x i s t i n g  c i r c u i t r y .  

The diode junc t i ons  are used t o  s t a b i l i z e  the  changes i n  the  BE 

junc t ions  of the  t r a n s i s t o r s .  

The standby power consumption i s  on l y  10 watts. This i s  r e l a t i v e l y  

smal I .  

The power a m p l i f i e r  i s  a cu r ren t  source which dr ives  the  armature 

t o  res to re  torque and energizes the  c o i  l w i t h  the  c a r r i e r  s ignal  . S t  I I L ~  

t he  output  of the  power a m p l i f i e r  i s  taken across R24, the  power 

a m p l i f i e r  i s  represented by a  4.54 amps/volt t r a n s f e r  c h a r a c t e r i s t i c  

f o r  t h e  c a r r i e r  loop. The res is tance o f  R24 i s  0.22 ohms. For h igh 

frequency considerat ions,  t he  power a m p l i f i e r  can be represented by 

a  double po le  a t  20 KHz. 

The p r e a m p l i f i e r  a m p l i f i e s  the  nu l l ed  5KHz c a r r i e r  s igna l ,  The 

outputs o f  t he  two f i e l d  c o i l s  are summed w i t h  the  n u l l  s igna l  a t  t h e  

input  o f  the  p reamp l i f i e r .  The s igna l  received a t  t h e  input  i s  f i l t e r e d  



e x t e n s i v e l y .  Both power supp ly  harmonics and c a r r i e r  harmonics cause 

problems i n  t h e  c l osed  loop system. Therefore,  i n  o r d e r  t o  have a  

l a r g e  s i gna l - t o -no i se  r a t i o ,  t h e  passband i s  l i m i t e d .  

Opera t iona l  a m p l i f i e r s  A8, A9, AIO, and A l l  combined w i t h  t h e j r  

assoc ia ted  c i r c u i t r y  comprise t h e  p r e a m p l i f i e r .  The summer a m p l i f i e r  

A8 i s  a  P h i l b r i c k  P45AU o p e r a t i o n a l  a m p l i f i e r .  T h i s  dev i ce  i s  more 

expens ive t han  o t h e r s  employed i n  t h e  system because o f  i t s  h i g h  

gain-bandwidth p roduc t  o f  30 megahertz. I t  has t h e  h i g h e s t  c l osed  

loop g a i n  o f  t h e  u n i t s  used i n  t h e  p r e a m p l i f i e r .  Because o f  i t s  h i g h  

g a i n  and r e l a t i v e l y  h i g h  i n p u t  capac i tance,  it i s  recommended t h a t  

t h e  i n p u t  be preceded by an e m i t t e r  f o l l o w e r  and t h a t  l a rge  e l e c t r o l y t i c  

c a p a c i t o r s  be p l aced  ac ross  t h e  power s u p p l i e s  a t  t h e i r  i npu t s  t o  t h e  

a m p l i f i e r .  I n  t h e  schematic, c a p a c i t o r s  C49 and C50 a r e  used f o r  t h i s  

purpose. A l though t h e i r  schematic i s  unconvent iona l ,  i t  i s  done i n  

t h i s  manner f o r  c l a r i f i c a t i o n ,  S ince a  low impedance s i g n a l  source 

e x i s t s ,  e m i t t e r  f o l l o w e r s  a r e  n o t  used. The t r a n s f e r  f u n c t i o n  o f  

s tage  # I  o f  t h e  p r e a m p l i f i e r  f o r  f i e l d  c o i l  i n p u t  s i g n a l s  i s  

The g a i n  a t  t h e  c a r r i e r  f requency I s  78. 

For t h e  n u l l  s i g n a l  i npu t ,  t h e  t r a n s f e r  f u n c t i o n  i s  



Stage #2 i s  an a c t i v e  f i l t e r  and i n v e r t e r  f o r  t he  c a r r i e r  frequency. 

I n s e r t i o n  o f  f i l t e r i n g  a t  t h i s  p a r t i c u l a r  l oca t ion  was found t o  be 

necessary t o  keep t h e  s ignal- to-noise r a t i o  large. And, w i thou t  the  

f i l t e r i n g  a t  t h i s  po in t ,  t h e  system saturates.  Operational a m p l i f i e r  

A9 i s  a type pA741. I t  can be used because t h e  d.c, d r i f t  i s  no t  o f  

any g r e a t  concern. The t o t a l  t r a n s f e r  func t i on  f o r  t h i s  stage, 

assuming the  i npu t  s igna l  a t  032 and t h e  output  s igna l  taken a t  R76 

i s 

The t h i r d  stage conststs o f  another pA741, operat ional  a m p l i f i e r  

AIO, and t h e  associated c i r c u i t r y  which completes the  a c t i v e  f i l t e r  

network. The t r a n s f e r  func t i on  o f  t h i s  stage, assuming an inpu t  a t  

C35 and t h e  output  measured a t  t h e  output  o f  A10 i s  

This stage has a ga in  o f  10 a t  t he  c a r r i e r  frequency. 

A P h i l b r i ~ k  opera t iona l  a m p l i f i e r  P65AU i s  used f o r  A l l  i n  t h e  

f i n a l  stage of the  p reamp l i f i e r .  The P65AU was chosen because d.c. 

d r i f t  can be o f  importance here and a l s o  because ?he load i s  i n d u c t i v e *  



The 5 K ohm r e f l e c t e d  impedance o f  t h e  r i n g  demodulator i s  t h e  r a t e d  

load on t h e  P65AU. The t r a n s f e r  f u n c t i o n  on t h i s  stage, assuming t h e  

s i g n a l  i n p u t  t o  C37 and t h e  s i g n a l  o u t p u t  a t  t h e  o u t p u t  o f  A l l ,  i s :  

(5 .17)  

The g a i n  o f  t h i s  s tage  a t  t h e  c a r r i e r  f requency i s  10. 

Combining t h e  above i n d i v i d u a l  t r a n s f e r  f u n c t i ~ n s  o f  t h e  f o u r  

s tages o f  t h e  p r e a m p l i f i e r ,  t h e  t o t a l  t r a n s f e r  f u n c t i o n  i s  

The g a i n  f o r  t h e  t o t a l  p r e a m p l i f i e r  a t  t h e  c a r r i e r  f requency o f  5 KHz 

i s  7000. Therefore,  t h e  u n i t  i s  represented i n  t h e  c a r r i e r  loop by 

t h i s  g a i n  on ly ,  s i n c e  o t h e r  f requenc ies  a r e  n o t  o f  i n t e r e s t  i n  t h e  

a .c ,  p o r t i o n  o f  t h e  loop. 

The combina t ion  o f  t h e  n u l l  s i g n a l  a m p l i f i e r  and u n i t y - g a i n  phase 



shi f -ker  takes  t h e  o u t p u t  o f  t h e  power a m p l i f i e r ,  m o d i f i e s  t h e  g a i n  

and phase r e l a t i o n s h i p  and feeds t h e  s i g n a l  t o  t h e  i n p u t  o f  t h e  

p r e a m p l i f i e r .  A t  t h i s  p o i n t ,  t h e  n u l l  s i g n a l  i s  summed w i t h  t h e  s i g n a l s  

induced inTo t h e  f i e l d  c o i l s  u n t i l  t h e  s i g n a l  i s  n u l l e d .  The s i g n a l  

now corresponds t o  t h e  ze ro  p o s i t i o n  o f  t h e  armature probe. 

The f i r s t  s tage  o f  t h e  n u l l  s i g n a l  a m p l i f i e r  i s  an a c t i v e  f i l t e r  

a m p l i f i e r  c o n s i s t i n g  o f  o p e r a t i o n a l  a m p l i f i e r  A2 and assoc ia ted  c i r c u i t r y .  

The second s tage  i s  an i n v e r t e r  w i t h  f i l t e r i n g .  Bo th  A2 and A3 a r e  

o p e r a t i o n a l  a m p l i f i e r s  t y p e  pA741 s i n c e  d.c.  d r i f t  i s  n o t  o f  s i g n i f i c a n c e .  

The t r a n s f e r  f u n c t i o n  o f  t h e  f i r s t  s tage  i s  

The g a i n  o f  t h i s  s tage  a t  t h e  c a r r i e r  f requency i s  4.2. The t r a n s f e r  

f u n c t i o n  o f  t h e  second s tage  i s  

Some f i l t e r i n g  t akes  p l a c e  i n  t h e  u n i t y - g a i n  phase s h i f t e r .  De- 

pending on t h e  amp l i t ude  determined by po ten t i ome te r  R31, a  p o l e  i n  

t h e  f requency response w i l l  occur  between 320-440 Hz. For  a  mqximum 

ampl i tude  s e t t i n g  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  comb ina t ion  o f  t h e  

n u l l  s i gna l  a m p l i f i e r  and t h e  phase s h i f t e r  i s  



Of course, t h e  phase s h i f t  I n  t h e  un i ty -ga in  phase s h i f t e r  completes 

the  f i n a l  phase re la t i onsh ip .  Po+entiometer R36 i s  adjusted u n t i l  

the  phase s h i f t  i s  increased t o  t h e  desi red value by the  fo l l ow ing  

r e l a t i o n s h i p  (see Appendix H) 

6 = phase s h i f t  = 2 tan-' wR36C15 

As p rev ious l y  mentioned, the  e m i t t e r  f o l l ower  911 i s  used t o  prevent 

loading o f  R36 and t o  provide a low output  impedance t o  t h e  p reamp l i f i e r .  

When e s t a b l i s h i n g  the  desi red n u l l  s igna l ,  the  phase i s  f i r s t  adjusted 

w i t h  R36 and then the  ampli tude i s  s e t  w i t h  adjustment o f  R31, 

Because o f  t he  feed forward path introduced w i t h  the  i n j e c t i o n  

o f  t he  n u l l  s igna l ,  a minor loop i s  introduced i n t o  t h e  ~ystern.  I n  

order  t o  keep t h i s  loop from i n t e r a c t i n g  w i t h  the  main c a r r i e r  loop, 

t h e  ga in  o f  t h i s  loop i s  kept below u n i t y  a t  t h e  maximum amplitude 

s a t t  i ng o f  R3 1 . 
I t  should be noted t h a t  t he  experimental motor used had t h e  

armature probe d isplaced 15" from t h e  perpendicular  t o  the  ho r i zon ta l  



p lane .  The n u l l  p o s i t i o n  was e s t a b l i s h e d  a t  t h i s  p o i n t  w i t h  t h e  idea 

i n  mind t h a t  t h e  f i n a l  motor  t ransducer  c o u l d  be ad jus ted  as a  

complete u n i t .  

F i e l d  Constant  Cu r ren t  Supp l i es  

The amount o f  t o rque  developed i n  t h e  motor  f o r  r e s t o r i n g  t h e  

armature probe t o  t h e  n u l l  p o s i t i o n  i s  p r o p o r t i o n a l  t o  t h e  armature 

c u r r e n t  f o r  a  cons tan t  f l u x  generated i n  t h e  f i e l d  wind ings.  Or, 

f o r  a  cons tan t  f l u x  i n  t h e  armature c o i l ,  t h e  t o r q u e  i s  p r o p o r t i o n a l  

t o  t h e  f i e l d  c u r r e n t .  Armature c o n t r o l  i s  used i n  t h i s  system s o  

a  cons tan t  d.c. c u r r e n t  source i s  r e q u i r e d  f o r  each c o i l .  As ment ioned 

before,  two s u p p l i e s  a r e  used s i n c e  t h e  power supp ly  vo l t ages  a r e  t o  

be h e l d  t o  a  minimum. The two supp l ies ,  h e r e a f t e r  r e f e r r e d  t o  a s  No. I  

and No, 2 f i e l d  supp l i es ,  a r e  i d e n t i c a l  excep t  f o r  those c h a r a c t e r i s t i c s  

noted below. 

The c o n t r o l  loop o f  these  u n i t s  i s  Type 0  w i t h  a  g a i n  cons tan t  

K = 100. I n  o r d e r  t o  have no load ing  e f f e c f  on t h e  induced s i g n a l  
P 

i n  t h e  f i e l d  c o i l s ,  t h e  impedance a t  t h e  c o l l e c t o r  o f  t h e  d r i v e r  

t r a n s i s t o r s  (914, Q17) must be i n f i n i t e .  To ach ieve  t h e  minimum 

load ing  e f f e c t ,  t h e  loop g a i n  must be as h i g h  as p o s s i b l e  a t  t h e  

c a r r i e r  f requency.  The loop g a i n  was designed t o  be 50 a t  5 KHz. I t  

i s  obv ious  t h a t  w i t h o u t  a  h i g h  loop ga in ,  t h e  10 ohm r e s i s t o r s  R50 

and R63 used t o  min imize t r a n s i s t o r  power d i s s i p a t i o n ,  would load t h e  

induced f i e l d  s i g n a l s .  I n  a d d i t i o n ,  t h e  f i e l d  c o i l  s i g n a l s  would be 

sub jec ted  t o  l a rge  v a r i a t i o n s  w i t h  c o i l  r e s i s t i v e  parameter change, 



The c o i  l res i stance a t  26006F i s s i x  t imes t h e  room temperature va l ue. 

D i f f e r e n t i a l  a m p l i f i e r s  A4 and A6 compare t h e  output  vol tage across 

t h e  0.47 ohm r e s i s t o r s  i n  t h e i r  respect ive c i r c u i t s  t o  t h e  reference 

vol tage establ ished by t h e  c u r r e n t  adjustment R38 o r  R51. The adjustment 

f o r  t h e  experimental model was s e t  f o r  a f i e l d  c o i l  cu r ren t  o f  3.5 

amperes. The d i f f e r e n t i a l  ga in  o f  t h e  a m p l i f i e r s  w i t h  a 2.7 k i lohm 

load r e s i s t o r  i s  25 .  The frequency response o f  t h i s  a m p l i f i e r  exceeds 

150 KHz. E l e c t r o l y t i c  capac i to rs  C16 and C22 are  used i n  t h e  b ias  

network t o  f i l t e r  h igh  frequency s igna ls  because on ly  d.c. s igna ls  

are  des i red a t  t he  reference. Res i s t o r  R1 12 and reference diode 23 

provide the  necessary negat ive b ias  ( -9  v o l t )  f o r  t h e  WC115T i n  the  

No. I  f i e l d  cu r ren t  suoply. E l e c t r o l y t i c  capac i to r  C21 provides some 

necessary f i l t e r i n g  o f  power suppl ies a t  t h i s  p o i n t .  The negative 

b ias  (-39 v o l t )  f o r  t he  WCI15T and the  negative power supply f o r  

A 7  ( -45 v o l t )  i n  t h e  No. 2 f i e l d  cu r ren t  supply i s  provided by an 

R-C f i l t e r e d  ful l -wave r e c t i f i e r  w i t h  reference diodes 

ZI and 22 es tab l i sh ing  t h e  desi red voltages. 

Two poles occur i n  the  uncompensated loop frequency response a t  

35 KHz and 40 KHz due t o  t h e  t r a n s i s t o r  capacitances and r e l a t e d  

res is tance.  Since h igher  frequency poles e x i s t  such as i n  the  WC115T 

and due t o  t h e  a t tenua t ion  o f  t h e  pA741, compensation i s  requ i red  f o r  

r e l a t i v e  s tab i  I  i t y .  

Operat ional amp1 i f i e r s  A5 and A7 are used as d i f f e r e n t i a l  a m p l i f i e r s  

and f i l t e r s .  The t r a n s f e r  func t i on  o f  -his combination i s  



The power supply  vo l t ages  f o r  A5 a r e  + 15 v o l t s .  I t  shou ld  be ment ioned 

a t  t h i s  p o i n t  t h a t  t h e  pA741's do n o t  r e q u i r e  a  common power supp iy  

lead w h i l e  t h e  P45AU and P65AU do. The power supply  vo l t ages  f o r  A7 

a r e  -15 v o l t s  and -45 v o l t s .  

The r e q u i r e d  compensation i s  completed w i t h  t h e  s e r i e s  composi te 

e q u a l i z e r  c o n s i s t i n g  o f  R44, R45, R46, C19, and C20 i n  t h e  No. I  f i e l d  

c u r r e n t  supp ly  and R57, R58, R59, C25, and C26 i n  t h e  No. 2  f i e l d  

c u r r e n t  supply .  The i n p u t  impedance o f  t h e  cascaded e m i t t e r  f o l l o w e r s  

i s  approx imate ly  18 k i lohms.  The t r a n s f e r  f u n c t i o n  o f  t h e  loaded 

e q u a l i z e r  network i s  

Since t h e  r e s i s t a n c e  i n  t h e  e m i t t e r  o f  t h e  power t r a n s i s t o r  i s  

o n l y  0.47 ohm t o  m in im ize  power consumption, t h e r e  i s  some a t t e n u a t i o n  

o f  t h e  s i g n a l  f o r  t h e  cascaded e m i t t e r  f o l l o w e r s .  For  an i n p u t  s i g n a l  

a t  t h e  base o f  Q12 o r  Q15 w i t h  t h e  o u t p u t  taken  across t h e  0.47 ohm 

r e s i s t o r  t h e  g a i n  i s  0.7. 

The complete t r a n s f e r  f u n c t i o n  f o r  t h i s  c i r c u i t  i s  



As p rev ious l y  sSated, t he  ga in  a t  t he  c a r r i e r  frequency i s  50. 

Based on t h i s  value, the  i npu t  impedance a t  t he  c o l l e c t o r  o f  t he  power 

t r a n s i s t o r s  i s  approximately I  k i lohm. Therefore, f o r  t h e  maximum 

change i n  f i e l d  co i  l  se r i es  res is tance,  a  3% change w i  l  l  occur i n  t h e  

transducer s i g n a l .  This  was checked exper imenta l l y  w i t h  the  system 

i n  an open loop con f i gu ra t i on .  The e levated temperature was s imulated 

by i n s e r t i n g  res i s tance  i n  se r i es  w i t h  t h e  f i e l d  c o i l s .  I n  t h e  c losed 

loop system, t h e  maximum change under s imulated e levated temperature 

cond i t i ons  was found t o  be 0.1 ampere o f  armature cu r ren t .  This  

corresponds t o  a  fo rce  appl ied t o  t h e  system o f  1 .87 x  Ib  o r  

approximately one- four th o f  t he  minimum fo rce  t o  be measured. 

Diode Dl i s  inser ted  i n  the  No, 2 f i e l d  c u r r e n t  supply t o  prevent  

breakdown o f  A6 du r ing  turn-on. I f  t h e  -30 v o l t  supply i s  no t  energized 

a t  t h e  same t ime  as t h e  -15 v o l t  supply, t he  WC115T experiences a reverse 

vo l tage o f  15 v o l t s  which destroys it. Diode Dl blocks the  c u r r e n t  

f low i n  t h i s  d i r e c t i o n .  

The power d i s s i p a t i o n  o f  914 and 917 i s  a  major concern i n  t h i s  

design. I t  was mentioned before t h a t  t h e  10 ohm r e s i s t o r s  R50 and R63 

are  used t o  minimize the  d i s s i p a t i o n  i n  these components. For no 

lead res is tance t o  the  f i e l d  c o i l ,  t he  power d i s s i p a t i o n  o f  t he  

components i s  84 watts.  Even w i t h  lead res is tance o f  2 ohms, t h e  

power d i ss ipa ted  i s  65 watts, which equals the  ra ted  d i s s i p a t i o n  o f  

t he  power t r a n s i s t o r s  a t  room temperature cons ider ing  a thermal res i s tance  

of case- to-a i r  o f  1.2 OC/watt. The power d i s s i p a t i o n  o f  the  t r a n s i s t o r s  

had t o  be reduced t o  a l low f o r  ambient temperature v a r i a t i o n .  With 



t h e  e x i s t i n g  design, t h e  maximum power d i s s i p a t e d  i n  t h e  t r a n s i s t o r s  

never  exceeds 31 wa t t s .  Heat  s i n k s  t y p e  NC-421 mounted i n  t h e  v e r t i c a l  

p o s i t i o n  were used i n  t h e  breadboard, Da le  t y p e  RH-50 20 ohm r e s i s t o r s  

were used i n  para1 l e t .  The maximum d i s s i p a t i o n  o f  t hese  r e s i s t o r s  i s  

56 w a t t s  f o r  t h e  combinat ions o f  two 20-ohm r e s i s t o r s .  Thus, they  

ope ra te  a t  50% o f  t h e i  r commercial r a t i n g  and a t  90% o f  t h e i r  m i  l i t a r y  

s p e c i f i c a t i o n .  

R ing Demodulator 

The r i n g  demodulator i s  a  fu l l -wave  d i s c r i m i n a t o r  which produces 

a  p o l a r i z e d  d.c. v o l t a g e  corresponding t o  t h e  phase r e l a t i o n s h i p  of 

t h e  s i g n a l  f rom t h e  p r e a m p l i f i e r  w i t h  r espec t  t o  t h e  r e fe rence  s i g n a l  

on T3 and t h e  amp l i tude  o f  t h e  i n p u t  s i g n a l .  The re fe rence  s i g n a l  i s  

approx imate ly  s i x  t imes  l a r g e r  t han  t h e  maximum c l osed  loop s i g n a l  of 

I  v o l t  rms. Th i s  i s  necessary f o r  p roper  o p e r a t  i o n  because t h e  c i  r c u  i t 

w i l l  n o t  work i f  t h e  i n p u t  s i gna l  exceeds one-ha l f  t h e  r e fe rence  s i g n a l ,  

Po ten t iomete rs  R84 and R85 a r e  ad jus ted  t o  ach ieve  bo th  ze ro  d . c ,  

o u t p u t  f o r  no i n p u t  and a balanced f u l  I-wave ou tpu t .  The o u t p u t  impedance 

o f  t h e  demodulafor due t o  t h e  arm impedance i s , a p p r o x i m a t e l y  4.7 k l lohms.  

A low pass f i l t e r  (C40 and R88) i s  r e q u i r e d  t o  a t t e n u a t e  undes i red 

harmonics. S ince  t h e  secondary impedance o f  T I  and T2 i s  t w i c e  t h a t  

o f  t h e  p r imary  impedance, and t h e  o u t p u t  impedance i s  t h e  same o rde r  

o f  magnitude as t h e  load, t h e  t r a n s f e r  f u n c t i o n  o f  t h e  complete r i n g  

demodu I  a t o r  i s  



Experimental  r e s u l t s  i n d i c a t e  a t r a n s f e r  c h a r a c t e r i s t i c  o f  0.49 v o l t s  

d . c . / v o l t  rms. The c i r c u i t  i s  l i n e a r  f o r  i n p u t  s i g n a l s  as l a rge  as 

7.5 v o l t s  rms. 

Compensating A m p l i f i e r  

For system r e l a t i v e  s t a b i l i t y ,  t h e  compensating a m p l i f i e r  p rov ides  

t h e  necessary l ag  and lead networks. A bandwidth o f  approx imate ly  

20 Hz i s  des i r ed  f o r  t h e  system and a g a i n  cons tan t  o f  90 i s  necessary.  

S ince t h e  armature has a mechanical resonance a t  5.7 Hz, a s imp le  l ag  

network cannot  be used. However, a l l  c r i t e r i o n  i s  met i f  a lag  network 

i s  used be fo re  t h e  resonance occurs i n  t h e  frequency response and a 

lead network i s  used f o l l o w i n g  t h e  resonance a t  a p o i n t  i n  f requency 

where t h e  c h a r a c t e r i s t i c s  o f  t h e  uncompensated response approach a 

second o r d e r  system, Opera t iona l  a m p l i f i e r  A12 and t h e  r e l a t e d  c i r c u i t r y  

ach ieve t h i s  compensation. A P h i l b r i c k  P65AU a m p l i f i e r  i s  used f o r  

A12 s i n c e  d.c. d r i f t  i s  o f  utmost importance a t  t h i s  s e c t i o n  o f  t h e  

system. 

The t r a n s f e r  f u n c t i o n  o f  t h e  compensating a m p l i f i e r  i s  

L i m i t e r  

The l i m i t e r ,  i n s e r t e d  between t h e  compensating a m p l i f i e r  and t h e  



power a m p l i f i e r ,  i s  r e q u i r e d  f o r  t h e  system t o  be energ ized  and ach ieve  

p roper  ope ra t i on ,  The f u n c t i o n  o f  t h e  l i m i t e r  i s  t o  l i m i t  t h e  s i g n a l  

i n p u t  t o  t h e  power a m p l i f i e r  so t h a t  t h e  power a m p l i f i e r  does n o t  

sa tu ra te .  S ince t h e  c a r r i e r  s i g n a l  i s  i n j e c t e d  a t  t h e  i n p u t  t o  t h e  

power a m p l i f i e r ,  it i s  impe ra t i ve  t h a t  t h e  s i g n a l  energ izes  t h e  

armature c o i l  f o r  t h e  s i g n a l  t o  a t t a i n  a  r e t u r n  pa th .  The l i m i t e r  

serves t h i s  purpose i n  an economical and r e l i a b l e  manner. 

Opera t iona l  a m p l i f i e r  A13 i s  an Analog Devices Type AD118 chosen 

because o f  i t s  d.c. d r i f t  c h a r a c t e r i s t i c s .  Po ten t iomete rs  R107 and 

R108 a r e  s e t  f o r  t h e  nega t i ve  and p o s i t i v e  o u t p u t  l i m i t s  r e s p e c t i v e l y ,  

The approx imate r e s i s t a n c e  o f  t h e  po ten t i ome te r s  f o r  these  l i m i t s  i s  

2.36 k i l shms measured between o u t p u t  and wiper .  The o u t p u t  v o l t a g e  

magnitude i s  s e t  a t  0.93 v o l t .  The g a i n  o f  t h e  a m p l i f i e r  f o r  v o l t a g e s  

less  t han  0.81 v o l t s  i s  1.115, w h i l e  t h e  g a i n  f o r  i n p u t  s i g n a l s  exceeding 

t h i s  i s  0.01. The u n i t  can be ca tego r i zed  as a  s o f t  l i m i t e r  as opposed 

t o  a  hard l i m i t e r .  

Exper imenta l  r e s u l t s  y i e l d e d  a g a i n  o f  1.110 f o r  i n p u t  s i g n a l s  

less  t han  0.81 v o l t s .  System tu rn -on  i s  r e l i a b l e  w i t h  t h i s  i nnova t i on .  

4. SYSTEM RESPONSE 

The system i s  shown i n  F i gu re  36, which represen ts  i t s  f u n c t i o n a i  

behav io r  as a  feedback c o n t r o l  system. The c o n t r o l  c i r c u i t  t r a n s f e r  

f u n c t i o n  i s  combined w i t h  t h e  motor - t ransducer  t r a n s f e r  equa t ion  f o r  

t h e  molybdenum-wire model shown i n  t h e  redrawn b l o c k  diagram o f  F i g u r e  37. 

The armature has a mechanical resonance a t  5.7 Hz .  The p r e d i c t e d  resonant  







frequency based on the  design o f  the  c o i l  form was 6 Hz. A more 

accurate p r e d i c t i o n  cannot be made because both the  mass change due 

t o  a p p l i c a t i o n  o f  t h e  ceramic encapsulat ion and the spr ing  constant  

of  the  f l exu re  cannot be b e t t e r  determined. The f l e x u r e  sp r ing  

constant  was p rev ious l y  determined t o  be 0.51 Ib- in / rad.  The damping 

r a t i o  was exper imenta l l y  determined t o  be 0.023. The c a r r i e r  source 

ampli tude was s e t  by RI t o  be Ec = 100 m i l l i v o l t s .  For t h i s  potent iometer 

se t t i ng ,  the  system ga in  K = 90. 
P 

The frequency response f o r  t he  molybdenum-wire model i s  shown i n  

F igure 38. The crossover frequency i s  30 Hz, The pred ic ted  crossover 

frequency o f  25 Hz produces a phase margin o f  25' and a Mm = 2 .56 .  The 

t h e o r e t i c a l  c losed loop frequency response o f  t he  molybdenum-wire model 

i s  shown i n  F igure  40. The passband i s  approximately 25 Hz. The 

exper imenta l ly  determined crossover frequency ind ica tes  t h a t  t he  system 

w i l l  dev ia te  on l y .  s l i g h t l y  from t h e  nominal system design. The frequency 

response o f  t h e  p lat inum-clad molybdenum-wire model i s  shown i n  F igure  

39 f o r  comparison purposes. The crossover frequency i n  t h i s  case 

f c  
= 20 Hz because o f  the  lower resonant frequency. Also of  i n t e r e s t  

i s  t he  f a c t  t h a t  t h e  c a r r i e r  anpl i tude Ec = 50 m i l l i v o l t s  t o  achieve 

t h i s  frequency crossover.  For t he  same system ga in  constant  K = 90,  
P 

the  c a r r i e r  ampl i tude Ec = 32 m i l l i v o l t s  due t o  the  f l e x u r e  spr ing  

constant  Kf  = 0.4 lb- in / rad,  the  increased displacement transducer 

amplitude, and t h e  increased motor torque constant  which were noted 

e a r l i e r .  However, t he  frequency response asymptotes are  v e r i f i e d  by 

both models. 
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The system response was determined by opening t h e  loop a t  The 

i n p u t  t o  t he  power a m p l i f i e r .  The i npu t  was provided by a  Wavetek 

Model 110 f u n c t i o n  generator.  The output  o f  t he  l i m i t e r  and the  i npu t  

t o  t h e  system were monitored both w i t h  a  C l e v i t e  Brush Recorder Mark 

280 and a  Tek f ron i x  5618 osc i l loscope.  

The c a r r i e r  loop ga in  i s  as fo l l ows :  

-K ( I  + 0 .176s) ( l  t 0.0156s) 
Loop Gain = 

( I  t 2.33s)( 1 t (2.74 x 1 0 - ~ ) s ) ~ [ ( 7 . 8  x I O - ~ I S ~  + (1.3 x 1 0 - ~ ) s  t I ]  

where 

= 94 f o r  Ec = 100 m i l l i v o l t s  (5.28) 

I t  should be noted t h a t  i f  t he  motor c a l i b r a t i o n  does not  change over  

the  temperature range 0-2000°F, t h e  e r r o r  i n  t h e  armature cu r ren t  readout 

i s  determined by t h e  system loop ga in .  O f  course, t he  e r r o r  va r i es  

inverse ly  w i t h  t h e  loop gain.  For t h e  experimental value o f  loop ga in  

a t  90 the  readout e r r o r  i s  1 . I  %. The t h e o r e t i  ca l  c losed loop system 

frequenc response i s  shown i n  F igure 40. The system Mm = 2.56 

= 1-1 occurs a t  t he  resonant frequency, u o f  4 5  rad / iec .  
R ( j w )  max n  ' 

The response o f  the  system t o  a step unput y i e l d s  the  damping, 

the  r i s e  t ime, and the  s e t t l i n g  t ime where 
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t = r i s e  t ime = the  i n t e r v a l  between the  i n t e r s e c t i o n  o f  a  l i n e  
r 

tangent t o  c ( t )  a t  t = t and the  i n t e r s e c t i o n  
d  

o f  c ( t )  = 0 and c ( t )  = I  ( t  = n/wc = 1/2f r c 

td = t ime delay = i n t e r v a l  between the  a p p l i c a t i o n  o f  i npu t  s tep 

and i n s t a n t  when response reaches 1/2 f i n a l  

va 1 ue [26]. 

tS 
= s e t t l i n g  t ime = t ime requ i red  f o r  t h e  output  response f i r s t  

t o  reach and t h e r e a f t e r  remain w i t h i n  a  

prescr ibed percentage o f  t h e  f i n a l  value, 

Common values are  2  and 5 per  cent  [27]. 

The step response was obtained by pe r tu rb ing  the  system w i t h  a  square 

wave low frequency s igna l  i n j e c t e d  a t  t he  summing p o i n t  o f  A1  through 

a  470 k i lohm r e s i s t o r .  A Wavetek func t i on  generator Model 110 provided 

the  pe r tu rb ing  s igna l .  As before, i t  i s  des i rab le  t o  pe r tu rb  t h e  system 

w i t h  a  torque step input  bu t  a  t e s t  apparatus was no t  a v a i l a b l e  so 

t h i s  method was used. 

The t r a n s i e n t  response o f  the  system t o  a  step input  i s  shown 

i n  F igure  41. The input  i s  t o  the  power a m p l i f i e r  and the  response 

i s  taken a t  t h e  output  o f  t he  l i m i t e r .  From Figure 41 the  parameters 

a  r e  

tr = I  I msec 

td = 5 msec 

t = could not  be determined w i t h  the  prescr ibed accuracy -estimated 
S 

a t  80 msec 



Final Value 

Step Input 

t o  P 

Time - 2 msec/di v 

Figure 41. Transient Response of Molybdenum-Wire 
Model Closed Loop System 



M = 1.77 = t he  r a t i o  o f  the  peak overshoot t o  t he  step input .  
P 

t = 19 msec = t ime  requ i red  t o  reach overshoot peak 
P 

The system i s  underdamped as i s  evidenced by the  several overshoots 

shown i n  t h e  t r a n s i e n t  response. Although t h e  ga in  margin i s  3.2, t he  

phase margin i s  25'. I n  t h i s  system, t h e  g a i n  margin s p e c i f i c a t i o n  

can be mis leading.  The f l e x u r e  t o r s i o n a l  sp r i ng  constant  no t  on l y  

a f f e c t s  the  ga in  o f  t he  system bu t  i s  a l s o  the  determining f a c t o r  o f  

t he  armature resonant frequency. I f desired, e i t h e r  a lead network 

can be added f o r  a d d i t i o n a l  phase margin o r  t h e  a t tenua t i on  produced 

by t h e  low pass f i l t e r  o f  t he  r i n g  demodulator cou ld  be modi f ied.  On 

the  o the r  hand, i t  should be noted t h a t  t h e  system was s t a b l e  throughout 

t he  l aboratory t e s t  i ng . 
The r i s e  t ime o f  t h e  system tr = I I  msec corresponds t o  a crossover 

frequency o f  29 Hz.  The t h e o r e t i c a l  crossover frequency o f  25 Hz and 

the  experimental va lue o f  30 Hz are  v e r i f i e d  by t h i s  measurement. 

I nves t i ga t i on  o f  t h e  r o o t - l o c i  o f  t h e  system ind ica tes  t h a t  

t he  e f f e c t i v e  damping i s  0.257. The natura l  resonant frequency, 

w i s  145 rad/sec as ind ica ted  above. For K = 90, t h e  closed loop n' P 

system t r a n s f e r  f u n c t i o n  i s  



The system performance i s  determined by the  p a i r  o f  complex poles, 

and one rea l  po le  and zero because ( 1 )  t he  o the r  po le  i s  f a r  t o  t h e  

l e f t  o f  t h e  dominant poles, and ( 2 )  any po le  which i s  no t  f a r  t o  the 

l e f t  o f  t he  dominant poles i s  near a zero so the  magnitude o f  t h e  

t r a n s i e n t  term due t o  t h a t  po le  i s  smal l .  Thus, t h e  c losed loop 

t r a n s f e r  f unc t i on  can be approximated by 

The t h e o r e t i c a l  response c ( t )  w i t h  a step input  i s  def ined by 

and i s  shown by computer p l o t  i n  F igure  42. From t h e  s o l u t i o n  o f  c ( t )  

t he  f o l  lowing parameters a re  der ived:  

t = 100 msec 
S 

t = 10 msec r 

t = 20.5 msec 
P 

t = 6.5 msec 
d 

Although no s i g n i f i c a n t  d i f f e r e n c e  between the  t h e o r e t i c a l  and 

measured parameters i s  observed, t he re  e x i s t s  a d i s t i n c t  d i  f fe rence 

between Mm and M . For a s imple second order  system i n  which 0.40 < q  < 0.707 
P 



0.025 0.050 0.075 

Time [secs] 

F igu re  42. P red i c ted  System Response t o  a Step I n p u t  



M and M d i f f e r  by a maxi mum o f  5%. However, even though t h  i s system m P 

behaves approximately as a second order  system w h i l e  it i s ,  i n  f a c t ,  

f i f t h  order ;  i t  does not  behave as a simple second order  system. A 

comparison o f  t h i s  system t o  a simple second o rde r  system revea ls  t h a t  

a simple second order  system has on ly  approximately 45% overshoot i n  

t he  step response wh i l e  t h  i s system has approximately 80% f o r  t h e  

same e f f e c t i v e  damping. The time-to-peak overshoot i s  the  same f o r  

t he  systems. I t  i s  w n t  - 3.0. 

I t  i s  apparent t h a t  t he  c losed loop zero y i e l d s  no t  on l y  an 

exponential  b u t  a l s o  i t s  d e r i v a t i v e  and increases t h e  overshoot o f  

t h e  system. 

The p o s i t i o n  e r r o r  was determined exper imenta l l y  by two methods. 

F i r s t ,  a 0.001 i n  diameter go ld  w i r e  was at tached t o  the  end o f  t h e  

fo rce  balance. The balance was ad jus ted  t o  make contac t  w i t h  the  

armature probe. The system was opera t ing  c losed loop. A s i g h t i n g  

was made on t h e  w i re  w i t h  a Un i t ron  MMU microscope w i t h  a KE 10 X 

mag micrometer. The w i re  was focused t o  a d e f i n i t e  image and the 

maximum f o r c e  was app l ied  t o  t h e  armature probe v i a  the  fo rce  balance. 

The system p o s i t  i on  change was o p t i c a l  l y determi ned t o  be 1.65 x 1 i n. 

The f l e x u r e  sp r ing  constant  was a l s o  v e r i f i e d  i n  t h i s  manner t o  insure  

r e l i a b i l i t y  i n  t he  measurement. Another measurement was made w i th  the  

Wayne Kerr c a p a c i t i v e  displacement transducer and the  p o s i t i o n  change 

was found t o  be 1.65 x i n .  As shown i n  Eq.  5-1, t he  steady-state 

p o s i t  i on  e r r o r  shou I d be 0.15 x radi  ans f o r  a d i sp lacement o f  the  



probe o f  0.15 x i n .  The exper  imenta l va l ues agree w i t h  i n  10% 

o f  those  p r e d i c t e d  f o r  s t eady -s ta te  p o s i t i o n  e r r o r  a t  maximum fo r ce .  



CHAPTER V I  

HIGH TEMPERATURE DATA 

The molybdenum-wire motor  was sub jec ted  t o  an extreme tempera tu re  

env i ronment o f  1 900°F wh i l  e o p e r a t  i ng as an i n teg ra  l  un i t o f  t h e  c o n t r o l  

system descr ibed  i n  t h e  p rev i ous  chap te r .  Data was recorded i n d i c a t i n g  

( 1 )  The temperature r i s e  o f  t h e  motor c o i l s  (see Chapter  1 1 ) .  

(2) The c l osed  loop n u l l  as a f u n c t i o n  o f  temperature.  

( 3 )  Armature c u r r e n t  as a f u n c t i o n  o f  a p p l i e d  torque,  i n d i c a t i n g  

n o t  o n l y  abso lu te  va lues  b u t  a l s o  l i n e a r i t y  as f u n c t i o n s  o f  

e l e v a t e d  temperatures.  

I .  PROCEDURE 

The model was p laced  i n  an oven  as descr ibed  i n  Chapter I I .  A 

h o l e  was c u t  i n  t h e  removable oven t o p  t o  a l l o w  t h e  s t i n g  o f  t h e  t o r q u e  

a p p l i c a t o r  t o  e n t e r .  The s t i n g  used f o r  t h e  h i gh  temperature measurements 

was machined f rom alumunum s i l i c a t e  and t h e  c o n t a c t  p o i n t  was machined 

f rom RA 330 s t a i n l e s s  s t e e l .  The damping f l u i d  o f  t h e  h i g h  temperature 

f o r c e  ba lance i s  p laced  w i t h i n  an i c e  ba th  t o  m a i n t a i n  a cons tan t  

temperature th roughou t  t h e  temperature run .  Displacement o f  t h e  

armature probe i s  measured w i t h  a Wayne Ke r r  C probe. S ince i t  appeared 

i n  t h e  beg inn ing  t h a t  t h e  f o r c e  ba lance was s h i f t i n g  o r  t h a t  e l o n g a t i o n  

o f  t h e  c o n t a c t  p o i n t  o f  t h e  s t i n g  was t a k i n g  place, t h e  s t i n g  was o n l y  

a p p l i e d  t o  t h e  armature probe when f o r c e  was t o  be app l i ed .  I n  t h i s  



manner, n u l l  s h i f t  i n  t he  motor con t ro l  system was measured as a change 

i n  armature cu r ren t .  The Wayne Kerr  displacement measurement was used 

t o  determine the  p o s i t i o n  e r r o r  o f  t he  system a t  e levated temperatures 

w i t h  app l i ed  torque. Although the  f l e x u r e  o f  t h e  fo rce  balance i s  not 

placed i n  t he  oven, it i s ,  however, subjected t o  e levated temperatures 

produced both by thermal conduct ion and convect ion. 

Therefore, t h e  sp r ing  constant  used i n  t he  fo rce  balance f o r  

h igh temperatures measurement, Kg, i s  13.3 l b - i d r a d i a n .  This  ensures 

Temperature independent opera t ion  of  t h e  fo rce  balance and a l lows 

s t u r d i e r  cons t ruc t ion .  Based on t h e  lever  arm magnitudes o f  t he  

fo rce  balance and t h e  sp r ing  constant  o f  the  c o n t r o l  system, (K + I )K f  = 45, 
P 

e r r o r  introduced by the  la rge  f l e x u r e  sp r ing  constant  i s  less than 2%. 

2. RESULTS 

Measurement o f  t h e  data was done i n  the  f o l l o w i n g  manner a t  200°F 

i nterva l s : 

( I )  The armature c u r r e n t  was record3d. 

(2) The micrometer was adjusted u n t i l  t h e  s t i n g  p o i n t  touched 

t h e  probe. Weights were app l ied  t o  the  balance i n  increments 

o f  200 m i l l i g rams  and t h e  corresponding armature cu r ren t  was 

rgcorded , 

(3)  The change i n  displacement measured w i t h  the  displacement 

probe was noted w i t h  the  maxi mum torque o f  7 x I o - ~  i n- l  b. 

( 4 )  The d.c. vo l tage across the  c o i l s  was monitored. From t h i s  

in format ion,  t h e  maximum c o i l  res is tance a t  e levated temperatures 

and the  maximum power d i s s i p a t i o n  were determined (Chapter 1 1 ) .  



I t  should  be noted t h a t  a  h i g h  temperature s i m u l a t i o n  was performed 

on t h e  e l e c t r o n i c s  package o f  t h e  c o n t r o l  system a t  room tempera tu re  

by p l a c i n g  r e s i s t a n c e  i n  s e r i e s  w i t h  t h e  c o i l s .  T h i s  was performed 

be fo re  t h e  u n i t  was sub jec ted  t o  h i g h  temperatures.  A r e s i s t a n c e  o f  

5  ohms was i n s e r t e d  i n  s e r i e s  w i t h  each o f  t h e  c o i l s .  The c l o s e d  

loop system responded t h e  same as  shown i n  F i gu re  44 f o r  t h e  0-600°F 

data.  The n u l l  s h i f t  was less  t han  0.1 ampere o f  armature c u r r e n t .  

Therefore,  any d e v i a t i o n  f rom t h e  c a l i b r a t i o n  cu rve  a t  e l e v a t e d  temperatures 

must be due t o  changes i n  t h e  motor  c h a r a c t e r i s t i c s  o r  w i r e  o x i d a t i o n .  

I n  an a t t emp t  t o  p r o h i b i t  s t i c t i o n  between t h e  s t i n g  c o n t a c t  

p o i n t  and t h e  armature probe, t h e  f o r c e  balance was pe r t u rbed  w i t h  a  

speaker p laced  p a r a l l e l  t o  a  c i r c u l a r  p l a t e  a t tached  t o  t h e  ba lance 

arm. A frequency o f  2  KHz was used. 

The system n u l l  a t  e l e v a t e d  temperatures i s  shown i n  F i gu re  43. 

The armature c u r r e n t  was mon i to red  n o t  o n l y  w i t h  a  d,c. ammeter b u t  

a l s o  w i t h  a  Hewlet t -Packard 410C d.c. v o l t m e t e r  across R24, 0.22 ohm 

sens ing r e s i s t o r  i n  The power a m p l i f i e r .  A s h i f t  i n  t h e  n u l l  p o s i t i o n  

i s  n o t  d i s c e r n i b l e  f rom room temperature data t o  600°F, The s h i f t  i n  

nu1 l  produces a maximum i n d i c a t i o n  o f  f o r c e  o f  4.7 x  I  b between 

600' - 1180°F. The n u l l  s h i f t  due t o  t h e  extreme temperature 

env i ronment  produces a readou t  e q u i v a l e n t  t o  t h e  minimum e r r o r  t o  be 

measured, 7  x lo- '  Ib,  a t  1250°F. The nu1 I sh i  i t s  enough a t  1560°F 

-3 
t o  i n d i c a t e  t h a t  t h e  maximum measurable f o r c e  o f  7 x 10 I b  i s  be ing  

a p p l i e d  t o  t h e  system when, i n  f a c t ,  ze ro  f o r c e  i s  a p p l i e d .  The data 
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f o r  h igher  temperatures ind ica tes  t h a t  a deformation o f  t h e  model i s  

t a k i n g  place. Although t h e  f l exu re  sp r ing  constant may have changed, 

it could no t  have changed more than approximately 30% o r  the  system 

would have become unstable. F a i l u r e  ana lys is  o f  t he  model a t  t he  

te rm ina t ion  c f  t he  h igh temperature run revealed t h a t  t he  molybdenum 

w i re  had opened due t o  o x i d a t i o n  a t  p o i n t s  on the  c o i l s  where a i r  bubbles 

had been formed dur ing  the  encapsulat ion process. The p o t t i n g  b l i s t e r e d  

a t  t h e  bonding o f  t h e  nlchrome wi re  leads and the  ceramic p o t t i n g  

on t h e  two f i e l d  c o i l s .  Oxidat ion a l s o  occurred a t  t h ree  h a i r l i n e  

cracks which had been observed on the  armature c o i l  a t  room temperature. 

I t  i s  apparent t h a t  f i e l d  c o i l  # 2  s t a r t e d  o x i d i z i n g  before the  o the r  

co i  I s  s i  nce the  c o i  l opened a t  1870°F, whereas, 7.4 ohms was the  

measured res is tance o f  f i e l d  Coi l #2 and 6.65 ohms was the  armature 

res is tance a t  t h e  same temperature (these res is tance values inc lude 

lead res is tance) .  Therefore, i t  seems f e a s i b l e  t o  conclude t h a t  the  

s h i f t  i n  the  n u l l  was e f f e c t e d  by the  r a p i d  ox ida t ion  o f  t h e  molybdenum 

wi re  o f  f i e l d  # 2  w i t h  respect t o  the  o the r  motor c o i l s .  Of course, 

w i t h  p lat inum-clad molybdenum-wire and a complete p o t t i n g  o f  the  

exposed perimeters o f  t he  c o i l s ,  t h e  model can be used f o r  h igher  

temperature app l i ca t i on .  I n  performing the  high temperature run, t h e  

system was deenergized a t  IOOGOF when a s a t u r a t i o n  occurred wh i le  

removing a weight from the balance. A f t e r  adjustment o f  t h e  l i m i t e r ,  

the system was energized and the  system returned t o  i t s  s t a t e  before 

t h i s  occurrence. 
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The l i n e a r i t y  and s t a b i l i t y  o f  t h e  motor w i t h  temperature a r e  

impor tan t .  The readout,  expressed as armature c u r r e n t ,  w i t h  r espec t  

t o  t h e  a p p l i e d  f o r c e  i s  shown i n  F i gu re  44. A l l  da ta  c o i n c i d e  f o r  t h e  

temperature range 0-600°F. The p o i n t s  on t h e  o r d i n a t e  a x i s  cor respond 

t o  t h e  n u l l  p o i n t  s h i f t  w i t h  ze ro  f o r c e  a p p l i e d  t o  t h e  system. The 

l i n e a r i t y  o f  t h e  c a l i b r a t i o n  cu r ve  remains t h e  same ove r  t h e  complete 

temperature range b u t  i s  s h i f t e d  due t o  t h e  n u l l  range. No f o r c e  

was a p p l i e d  above 1400°F s i n c e  t h e  d i s t u rbance  produced by p l a c i n g  

and removing weights  on t h e  f o r c e  balance would s a t u r a t e  t h e  system. 

A t  1870°F, t h e r e  was no t o r q u i n g  a c t i o n  p rov i ded  by t h e  system due 

t o  o x i d a t i o n  o f  f i e l d  #2. 

The d isp lacement  o f  t h e  armature probe was measured by a  

capac i tance  probe p laced  near  t h e  we i gh t  pan o f  t h e  ba lance arm. 

The l i n e a r i t y  ~f t h e  d isp lacement  o f  t h e  probe w i t h  r espec t  t o  

t h e  meta l  l i c  p  l a t e  on t h e  ba lance arm (used as a  ground) i s  98%. 

The p o s i t i o n  o f  t h e  armature probe never exceeded t h e  p o s i t i o n  

e r r o r  s p e c i f i c a t i o n  o f  5 x  i n .  The armature probe was d i sp l aced  

2 x  10" i n  a t  700°F and was found t o  reach 1.34 x  i n  f o r  800 mg 

we igh t  which corresponds t o  4.12 x  I b  f o r c e  a t  1 200°F. E x t r a p o l a t i  ng 

t h i s  data, i t  appears t h a t  a  maximum d isp lacement  o f  t h e  armature probe 

o f  2.28 x  lo'& i n  occurs  a t  t h i s  temperature.  T h i s  i s  approx imate ly  

a  20% increase i n  d isp lacement  and cou ld  be caused i n  p a r t  by a  change 

i n  t h e  f l e x u r e  s p r i n g  cons tan t .  However, i t  should  be noted t h a t  some 

d r i f t  i n  d isp lacement  read ing  a t  t h e  e l eva ted  temperatures was observed. 





Whether an e l o n g a t i o n  o f  t h e  s t i n g  p o i n t  when p laced i n  c o n f a c t  

w i t h  t h e  armature probe occur red  o r  a  parameter change i n  t h e  f o r c e  

balance due t o  we igh t  load ing  produced t h e  d r i f t  cou ld  n o t  be 

determined. The d r i f t  i s  a l s o  n o t i c e a b l e  i n  t h e  system readout .  Above 

2.2 amperes o f  armature c u r r e n t ,  t h e r e  i s  some d r i f t  f rom an i n i t i a l  

r ead ing  when g r e a t e r  f o r c e  i s  a p p l i e d  t o  t h e  system. I t  i s  b e l i e v e d  

t h a t  one source c o n t r i b u t i n g  t o  t h e  d r i f t  i s  t h e  h e a t i n g  unbalance i n  

t h e  f l e x u r e  suppor ts .  For  ins tance,  an i n i t i a l  read ing  o f  2.2 amperes 

w i l l  become 2.34 amperes a f t e r  30 seconds and s t a b i l i z e  a t  t h i s  va lue .  

A r ead ing  o f  3.75 amperes w i l l  d r i f t  t o  4.0 amperes a f t e r  approx imate ly  

30 seconds and s t a b i l i z e .  A s o l u t i o n  t o t h i s  problem, o f  course, i s  

t o  inc rease  t h e  s i z e  o f  t h e  f l e x u r e  suppor ts .  They a r e  p r e s e n t l y  n o t  

l a r g e  enough f o r  t h e  r e q u i r e d  load and c u r r e n t .  

The da ta  i n d i c a t e s  t h a t  t h e  system per forms w e l l  i n  t h e  0-600°F 

range w i t h  l i t t l e  system degrada t ion  up t o  1250°F. I t  i s  concluded, 

t h e r e f o r e ,  t h a t  w i t h  t h e  p la t inum-c lad  molybdenum w i r e  model and t h e  

f i n a l  c o n t r o l  system c o n f i g u r a t i o n ,  t h e  des i r ed  s k i n  f r i c t i o n  meter  

can be rea  l  i zed. 



CHAPTER V I  I 

CONC LU S l ON S 

Exper imental  r e s u l t s  demonstrate t h e  f e a s i b i l i t y  o f  des i gn ing  

a  c l osed  loop system t o  measure s k i n  f r i c t i o n  which i s  capable  o f  

o p e r a t i n g  i n  temperatures up t o  2000°F. A l though t h e  meter cannot  

be sub jec ted  t o  severe v i b r a t i o n s  because it has n o t  been coun te r -  

balanced, i t  i s  capable  o f  o p e r a t i n g  i n  more benign environments such 

as wind tunne l  a p p l i c a t i o n s .  

H igh temperature da ta  on t h e  s k i n  f r i c t i o n  meter  i n d i c a t e s  

s a t i s f a c t o r y  o p e r a t i o n  t o  1000°F w i t h  r e l a t i v e l y  good o p e r a t i o n  t o  

1400°F. A l though t h e  o x i d a t i o n  o f  t h e  molybdenum w i r e  i n t r oduced  

cons ide rab le  e r r o r  above t h a t  temperature,  exper imenta l  da ta  o f  t h e  

p l a t i num-c l ad  molybdenum-wire model sub jec ted  t o  2000°F i n d i c a t e s  

no o x i d a t i o n  problem. I t  i s  concluded, t h e r e f o r e ,  t h a t  t h e  s k i n  

f r i c t i o n  meter i s  capable  o f  2000°F ope ra t i on .  

The f i n a l  c o n f i g u r a t i o n  meets a l l  o f  t h e  des i r ed  s p e c i f i c a t i o n s .  

The bandwidth o f  t h e  system i s  approx imate ly  25 Hz. Therefore,  t h e  

system has a  r e l a t i v e l y  f a s t  response t o  i n p u t  f o r ces .  System r i s e  

t i m e  i s  10 m i l l i s e c o n d s  and s e t t l i n g  t i m e  i s  100 m i l l i s e c o n d s .  

It i s  recommended t h a t  t h e  f l e x u r e  suppor ts  be designed w i t h  

more s t r e n g t h  i n  t h e  members and t h a t  t h e  members be as symmetr ical  

as p o s s i b l e  t o  e l i m i n a t e  J o u l e  h e a t i n g  unbalance. Encapsu la t ion  o f  

t h e  e x t e r i o r  pe r i phe ry  o f  t h e  completed model i s  suggested once t h e  

f i n a l  ad justments  have been made on t h e  coi l o r i e n t a t i o n .  
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APPEND1 X A 

Proper t  i es o f  F i red and Unf i red ~ a v a l  

- 
I  . Proper t ies  o f  Unf i red Lava 

TY P@ Grade A - Hydrous Aluminum S i l i c a t e  

Dens i t y  0.098 Ibs/cu i n  

Co lor  Gray 

Hardness I  - 2 MOH's Scale 

Shrinkage Factor  0.980 

Ma te r ia l  Grows, 0.980 inch u n f l r e d  
w i l l  be 1.000 inch f i r e d  

I  I  . P roper t i es  o f  F i  red Lava 

Dens i t y  0.083 Ibs/cu i n  

Water Absorpt ion 2 - 3% 

Pink 

Sof ten ing  Temperature 1 6OO0C 
29 12OF 

Resistance t o  Heat I l OO°C 
(Safe L i m i t  of Constant 

Temperature 

6 MOH1s Scale 

L inear  C o e f f i c i e n t  25 - 100°C 2.9 x per  O C  

of Thermal 25 - 6OO0C 

25 - 9OO0C 

F I exura l  St rength 9000 Ibs/sq i n  

i e l e c t r i c  Strength 80 v o l t s / m i l  



I I .  P r o p e r t i e s  o f  F i r e d  Lava con t inued  

R e s i s t i v i t y  I OO°C 21 2OF 6 x 1 011 ohms/cm3 

9 
a t  Var ious 3OO0C 57Z°F 2 x 10 

Temperatures 500°C 932OF 5 x l o6  

7OO0C 1 29Z°F 3.5 x 1 O5  

900°C 165Z°F 5 x l o 4  

D i e l e c t r i c  Constant  I MHz 25OC 5.3 

D i s s i p a t i o n  F a c t o r  I MHz 25OC 0.010 

Loss Fac to r  I MHz 25OC 0.053 

Bi b l i ography 

I .  American Lava Corpora t ion ,  Bu l l e - f i n  No, 656, Chattanooga, Tennessee. 



APPENDIX B 

INSULATION: CONDUCTOR THICKNESS RATIO 

For a g i ven  area, t h e  th ickness  o f  i n s u l a t i o n  and conductor  r e l a t i v e  

t o  each o t h e r  f o r  minimum power d i s s i p a t i o n  a r e  t o  be determined. 

Given: A c o i l  o f  r e c t a n g u l a r  cross s e c t i o n  o f  w ind ing  

I n s u l a t i o n  
- - I 

where 

ti = t h i ckness  o f  i n s u l a t i o n  

t = t h i ckness  o f  w i r e  
W 

I = c u r r e n t  r e q u i r e d  f l o w i n g  through a bare  conductor  o f  square 

c ross  s e c t i o n  

l a  = ac tua l  c u r r e n t  r equ i red  t o  f l o w  through i n s u l a t e d  conductor  

A = c ross  s e c t i o n a l  area 
C 

N = t o t a l  number o f  t u r n s  i n  area 

R. = no. rows o f  i n s u l a t e d  conductor 
I 



However, t h e  ac tua l  c u r r e n t  now requ i  r ed  i s  

4 
Note t h a t  as  tw-, l a  = ;I 

There fo re ,  

To f i n d  t h e  minimum c u r r e n t  r equ i r ed :  

o r  tw = t i  

Thus 



I 

2 = I  f o r  minimum power d i s s i p a t i o n  
i 

Note t h a t  t h e  r e s i s t a n c e  o f  t h e  t o t a l  l eng th  o f  t h e  conductor  does n o t  

change f o r  a bare  conductor  o f  w i t h  a conductor  i n s u l a t e d  pe r  t h e  above 

r a t i o ,  



APPEND1 X C 

COIL POTTING - CERAMABOND 503 

CURE SCHEDULE 

Leave i n  oven; l e t  oven coo l  t o  room temperature.  

TEMPERATURE 

AMBIENT (75 + 5OF) 

I 10°F 

1 50°F 

200 OF 

225OF 

250°F 

NOTE: Because o f  t h e  t h i c kness  o f  t h e  Ceramabond 503 a p p l i e d  t o  t h e  

c o i l s ,  it i s  a p p l i e d  as t h r e e  ( 3 )  coa+s, w i t h  t h e  ambient 

temperature and l lO°F p o r t i o n s  o f  t h e  c u r e  c y c l e  be ing  a p p l i e d  

between coa t s  and a f t e r  t h e  f i n a l  coa t .  

TIME 

3 hours  

2 hours  

16 hours  

2 hours  

2 hours  

I hour  



APPENDIX D 

PROPERTI ES OF HAYNES ALLOY NO. 25' 

Haynes A l l o y  No. 25 i s  a cobal t -base a l l o y  which has h i gh  s t r e n g t h  

and good o x i d a t i o n  r e s i s t a n c e  a t  temperatures up t o  1800°F. T h i s  

a l l o y  can be formed, machined and welded by conven t iona l  methods. 

Approximate Chemical Composit ions, Per Cent 

N i c k e l  - 10 

Coba l t - Ba lance 

Ch rom i urn - 20 

Tungs ten  - 15 

l r o n  - 3 

Carbon - 0.10 

Others  - 3 

PHYSICAL PROPERTIES 

Dens i t y  25°C 0.330 I b /  cu i n  

M e l t i n g  Range 2423-2570°F 

E l e c t r i c a l  R e s i s t i v i t y  25OC 34.9 microhm/i n 



70-200°F 6.8 m ic ro inches l in -OF 

70-400 7.2 

Mean 70-600 7.6 
C o e f f i c i e n t  
O f  Therma l 70-800 7.8 
Expansion 

70- 1000 8.0 

70- 1200 8.2 

70- 1400 8.6 

70- 1500 - 

70- 1600 9.1 

70- 1800 9.4 

2OO0F 74 BTU- i n / f  t2-h r - O F  

400 89 

600 104 

Therma l 
800 119 

C o n d u c t i v i t y  1000 134 

1200 159 

1400 164 

1500 172 

0.092 BTU/ l b-OF 

B i  b l iography 

I .  "Haynes and H a s t e l l o y  A l loys1 ' ,  Union Carb ide Corpora t ion ,  1962, p p .  2-7. 



APPENDIX E  

FLUX DENS ITY FOR A GENERAL POINT DUE TO A SQUARE CURRENT LOOP] 

R e f e r r i n g  t o  F i g u r e  I  and employing equa t i on  2.4, t h e  magnet ic  

f l u x  d e n s i t y  a t  Po due t o  w i r e  MN i s :  

BMN i s  pe rpend i cu l a r  f o  t h e  p l ane  formed by MPoN and t o  t h e  l i n e  PoMf.  

P lane Poxyml i s  pe rpend i cu l a r  t o  p lane  MPoN. Thus, BMN l i e s  i n  p l ane  

Poxyml. I f  we r e s o l v e  B i n t o  two components, one, 
MN B~~~ 1 

, a long t h e  

l i n e  pe rpend i cu l a r  t o  MUAL p lane  and another,  B a t  p a r a l l e l  t o  t h e  
MN.L 

MNAC p lane.  Only BMNll w i l l  c o n t r i b u t e  t o  t o t a l  i n d u c t i o n  a t  p o i n t  

Po s i n c e  t h e  components o f  Bll  f o r  a l l  c u r r e n t  elements l i e  on t h e  x,yPo 

a x i s  and add d i r e c t l y ;  whereas those  o f  BL w i l l  cance l .  
-+ -f 

I f  o i s  t h e  ang le  between x, yPo and POMf, then  BMN can be 
11 

expressed as 



Figure 1 . Square Current Loop 



I n  a s i m i l a r  manner, t h e  f l u x  d e n s i t y  f o r  t h e  o t h e r  elements i s  determined 

and 

B ib l i og raphy  

i .  Seemuiler, W i l l i a m  W.,  "The Design o f  a Sk in  F r i c t i o n  Meter f o r  Use 

i n  Extreme Environmental Condi t ions, "  Mas te r ' s  Thesis, The U n i v e r s i t y  

o f  V i r g i n i a ,  C h a r l o t t e s v i l l e ,  August, 1966, p. 109. 



APPEND1 X F 

MOTOR TORQUE COMPUTER PROGRAMS 

The computer programs used t o  determine t h e  motor t o rque  cons tan t s  

f o r  a l l  t h r e e  models examined a r e  shown below. The programs a r e  w r i t t e n  

i n  A lgo l  and t h e  computer used i s  t h e  Burroughs B5500. 

F i r s t ,  t h e  f l u x  d e n s i t y  i s  computed us i ng  Eq. 2.6 and employ ing 

a p rocedura l  de te rm ina t i on  by Simpson's Rule.  Then, t h e  r e q u i r e d  armature 

c u r r e n t  t o  produce t h e  necessary r e s t o r i n g  t o r q u e  f o r  a g i ven  f i e l d  

c u r r e n t  i s  computed. A l l  t h r e e  o f  these  parameters, i n  a d d i t i o n  t o  

t h e  dimensions o f  each model, a r e  d i sp l ayed  on t h e  p r i n t o u t .  T h i s  

process i s  done f o r  a l i m i t e d  number o f  t o r q u e  va lues s i n c e  t h e  equa t i on  

r e l a t i o n s h i p  i s  l i n e a r .  

The program immediately f o l l o w i n g  i s  used f o r  t h e  aluminum-wire 

model which was wound b i f i l a r l y .  The second program i s  f o r  t h e  f i n a l i z e d  

h i g h  temperature molybdenum models. Both t h e  molybdenum and p l a t i num-  

c l a d  molybdenum-wire model t o r q u e  cons tan ts  were determined by t h i s  

program. The o n l y  d i f f e r e n c e  between t h e  two programs i s  t h e  spac ing  

f a c t o r  used i n  t h e  f l u x  d e n s l t y  computat ion.  

Some condensed o u t p u t  i s  shown w i t h  each program. For  t h e  aluminum- 

w i r e  model, 2.56 amps i s  r e q u i r e d  t o  produce t h e  maximum to rque  w i t h  a 

f i e l d  c u r r e n t  o f  2 amps. The molybdenum-wire model r e q u i r e s  3.61 amps 

w h i l e  t h e  p la t inum-c lad  molybdenum-wire model r e q u i r e s  2.86 amps f o r  

a f i e l d  c u r r e n t  o f  3.5 amps t o  p r o v i d e  the maximum to rque .  
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D I A + t l I A / 3 Q c 3 1 L  -- - -- - -- - - - 
A + A / ( 3 9 . 3 7 * 2 ) !  

-lL-LL/~-~> 1 

1 2 * w - 0 / 7 ;  
I N 1  1 + I / f  0 * 6 5 * 1 ) ~ S  L M P ~ X I ~ * & & - ? ~ ~ ~ & P S ~ ~ J  h * I L 6 5 ~ € > 4 ~  - 

S I F P S ( P , H l  ~ R R P P - ~ ~ S I Y P S ( Z I  11, L Z r @ - 4 r ( ( R * X ) / S Q R T (  
2 + 2 + ( R - Y  ) * 2 + (  R - X L * 2 l + L k t X l f  S P R I I Z * ~ + A S - Y Z * ~ Z I E L X ~ ~ ~ L I ~ -  
R - Y ) / ( z * Z * ( R - Y ) * 2 )  

-- -- + ( ( R : Y ~ S Q R T ( Z * 2 + ( F r - X ) + 2 + l R - Y ) * 2 ~ + ( R * Y ) / S O R T ~ Z + 2 + ( R - X ) + 2 *  
( R + Y ) * ~ ) ) X ( R - X ) / ( ~ * ? + C R - X ) * ~ ) +  
( ( 6 - Y  ) / S U H T ( L * 2 + C R i ~ * 2 ~ f t l y 2 > ? W - s 4 8 L ( ~ + ~ * r Z + _ -  
( P + Y ) * ~ ) ) x ( P + X ) / ( Z * ~ + ( R + X ) * ~ ) +  
( <  ~ - X ) / S U R ' I U + Z + ~ P + ~ W ~ R + X ~ L S B R . U Z * ~ + ~ R * - Y A ~ ~ *  
(H+X)*~))X(R+Y)/(Z*Z+(H+Y)*~)))))J 

Ll+l iRfzJ  
I D 1 W 1 l  1 9 1  

FOR J e l  S I L P  1 L I N i L 1 6  QG 
B E L I Y  

T L K Q U t  + R f  - 5 x J J  
I A * T O h b l l L / ( C A x A x B l l ) J  
P A I A C l r J l + l A I  

E t i C i  
E N U I  - -- -- - --- 
W R I T F ( L P ~ < ~ ' ~ ~ E - ~ O T &  MUTUR L E N G T ~  IS",F6,3,Xl,"INChES">,L)i 

W R ~ T E I ~ A < " I L E - R ~ D ~ ~ ~ T I F ~ I I ~  c 1S":Fh. l."l-4 >I 

h R I T F ( L P * < " T b E  F 1 E X l l f . F  G A P  B E T k E k N  F I E L D  C O I L  H I N O I N G S  I S " ,  
F 6 . 3 * " I F C W t S w > r D > J  - - 

W R I T E ( L P I < " ~ I S T P F C E  FROM C E N T E R  C F  F I E L O  C O I L  TO P D I C T  O F " D X I .  
" A V L R P G L  F L U X  C E b S L T Y  I S * L F ~ L ~ ~ ~ ~ H T S ~ Z L # U ~ ~ ~  -- _ - 

H R l T F ( L P , < " F I E L O  C O I L  R A D I U S + W I N C I N G  T W I C K N E S S  I S n , F 6 . 3 r " I N C N E S ' > ~  
- _ .  PmL -- 

W R I T F ( L P , < " ~ ~ R F  O I A P E T E R  1 S " , f 6 ~ 3 r n I N C H E S " > r D I A ~ 3 9 ~ 3 7 ) J  
W R l T f ( L P ~ < " P h C 4 I A R L  F P C L P R E A  1 L n d * 3 . " 1 H C H F S " ~ ~ b W Z P 2 _ 1 L  _ 
W R l l E ( L P , < " t  OF WIRE TURNS O h  ARMATURE I S n r F 6 * 3 > r N A ) i  

I -- 
FOh I + l  S T F P  1 U h T l L  5 DO B E G I h  
W P I T E L L P I D B L l > J  - - --- - -- -- 
F O h  J*1 S T E P  1  U h T l L  10 DO B E G I N  

- WRITLILPUILLLILZUV[UIUQI~.I~.!>! -- --- - 
I F  J s l O  l H t h  W R I T E ( L F r < " A N  ARMPTURE CURRENT O F ~ D F ~ O Z ~ * A W P E R E S " ~ Y I ,  

1 2 r n h ~ P E R E S * > r O A T A ~ I ~ i O l n I ~ I  

- - a T i l L P r  em w P~LI~ESSR-.E~&-=~ 
END. 
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- 1 0 1 0 7  -m AUG, 07, 1 9 6 9  - w r * * * * * * * * * * e * * *  O & V I D  A, KETTLER R L E I  
BEGIN  

FORMAT I N  b I N ( d ( F 6 . 3 , X Z ) ) l  -- - -  - 
FORMAT U U ~ ~ F O U T I ? X Z , E ~ O ~ ~ X ~ B ~ ~ ~ ~ ~ ~ X ~ ~ ~ ~  - 

- --- R E A L  X D Y ~ L ~ W ~ U ~ R & I [ ~ ~ ~ ~ N ~ ~ ! ~ ~ Y ~ ~ D P L Y L ~ D L ~ P ~ O R Q ~ E ~ N A P B ~ ~ ~ A ~ R ~ ~  
I K, n E -  

-- - - - - - - - 

INTE(~;R - ~ , J J  
REAL AHHAY D A T A [ 0 1 6 r O l l l l ~ U A T U M ~ 0 1 6 1 ~  

- 

-- HEAL PROCEOUHE S I M P S ( X , X ~ ~ X ~ ~ O E L T A D ~ ) J V A L U E  X l ~ X 2 r O E L T A J R E A L  X ~ X l r X 2 , 0 E l .  
TA,FJREGIN B I I O L ~  I ~ R N I N ~ ~ ~ ~ L - ~ ~ D X ~ A ~ C ~ ~ Z ~ ~ , H D K ~ T U R N I N C ~ ~ A L S  
E I I F  ~ 1 ~ x 2  THEY B t G l N  71+01GU TU BUX2 t N U j I F  X l D X 2  THEN B t G l N  H t X i J X l c X 2  
JX~+HI T U R N I N ~ ~ ~ T H U E I E N O ~ X + X ~ ~ Z ~ + F ~ ~ + X ~ J Z ~ ~ ~ ~ ~ ~ T T ~ ( ~ K Z ' X ~ ~ B U X ~ Z ~ + ~ ~ ~ + K / ~ ~  
FUR X c X l + d  STEP K U N T I L  X2 0 0  Z 2 t L 2 + F I Z l t Z l + 4 x Z 2 ) 1 F  H x A B S ( ( Z 1 ' 2 X Z 3 ) / ( I F  

L l 3 i i  N  . L  X L l - m .  1 
1 0  HO:itJ~X~:I~'T:i::NS THEN H + - H ~ ~ I H ~ 5 ! ~ ~ : l > : : ~ D : 3  

+ L 1 J L l t L 1 . Z *  

- 

R E A O ( - C H ~ F ~ L ~ ~ ~ ~ ~ ~ ~ R R P O ~ ~ ~ ~ ~ ~ J  
o r_n+oi!/ 39.37; - - -  - - - -- 
A + A / ( 3 9 . 3 7 * 2 ) 1  

- 

-- -- - L l + - ( L / ? - i 4 ) J  
L2+W-D/2J 

- - -- - 
I N T ~ + ~ / ( ~ . ~ ~ * ~ ) ~ S I M P S ( X ~ ~ ~ O ~ ~ ~ ~ P - ~ ~ S I M P S ( Y ~ O ~ O ~ ~ ~ D P ~ ~ D  

SIFIYSCRIHI ~RHIQ-~ ,S~UPSCLD f.1, L T P ~ " ~ > ( C R - X ) / S O R T (  

- - L * ~ + ( R - Y ) * ~ + ( ~ ~ - X ) * ~ ) + ~ R ~ X ~ / S Q R T ( Z * ~ + ( R - Y ) * ~ + ( U + X ) * ~ ) ) X (  
H - Y ) / C Z * Z + ( R - Y ) * 2 )  

- + ( ( R - Y ) / S Q R T ( Z * ~ + ( U ' X ) * ~ + ( R - Y ) * ~ J + ( R I Y ) / S U R ~ ( Z * ~ + ( R - ~ ) ~ ~ ~  ~ r i ~  m c ~ i r i l x ( ~ + 2 r ~ x - m ~  + 
( ( H - ~ ) / S Q H T ( ~ * ~ + ( H + X ) * ~ + ( R - Y ) * ~ ) + ( R + Y ) / S U R ~ ( L * ~ + ( R ~ X ) * ~ +  
( U + Y ) ~ ~ ) ) X ( R + X ) / ( L * ~ + ( R + ~ ) * ~ ) +  
( ( H - X ) / S Q R T ( Z * ~ * ( R + Y ) * ~ + ( R - X ) * ~ ) + ( R + X ) ~ S Q R T ( Z * ~ + ( R + Y > * ~ +  
(R+X)*~))X(U+Y)/(Z*~+(H+Y)*~)))))~ 

-- - -. - - - 4 - -  _- --. - . - 
L L t W + L / ? i  

~ ~ ~ T ~ ~ ~ / ( O . ~ ~ + ~ ) X S I M P S ( X D O , O , ~ ~ ~ P ~ ~ ~ S ~ M P S ~ Y ~ U S O , ~ ~ ~ @ - ~ ~  
h l M P b ( R s H 1  I R H , C ~ ~ ~ S I W L ( Z ,  L i t  L2,P-G(CR'X)/SDRT[ 
L*~+(R-Y)*~+(H-X)*~)+(R+X)/SQHT(Z*~+(H-Y)*~+(R+X)*~))X( 
H - Y > / ( 7 * 2 + [ R - Y ) * 2 )  - 

..., - - -  
FOR I + l  STLP I U N T I L  5 Ufl  
BEGIN  

B l l + l Q - 7 x l x ~ Y D / ( 4 x ( O I A * 2 ~ ~ i  
U A I U M L I l c B l l ~  
FUI{ J + l  STEP 1 I I N T I L  1 0  UO - -- 

WR TF(L&<!'THE R 4 D I U L D F  THE F I t L D  C O I L S  1SW,F6.3.JIN&hES">tRl)J 
WH:TE(LP,<;THE FI.EXUHE GAP BETWLEN F I E L O  E~~-IC-WUIN(IS i S " r  

- -  - F 6 . 3 ~  1NCHES"Dr l ) )J  
ARITECLP,("DISTaNCE FROM CENTER QF  F t E L t r C U t L  16 POINT  OF",XI, 

"AVERAGE FL l lX  DENSITY IS " rF6v3 r " INCHES1 '> ,  
WRITE(LP,<~FIELD C O I L  R A O I U S + B I ~ U I N G  THICKNESS T S n ~ F 6 . J , W I N C ~ E S " > r  

H H ) I  -- - -- -- - - 
WRI TECLP, <"UTRE D I A M E T E ~  ~ S " , ~ N C H E S U > ~ ~ ~ ~ 3 9 ~ 3 7 7 T -  
W R I ~ E ( L P P < " A H M A T ~ J R E  FACE AHEA I S n r F 6 . 3 , " I N C H E S W > r A x 3 9 1 3 7 * 2 ) J  -- - -- 
WRITE(LP,Z*X OF WIRE T U H N S ~ N ~ ~ ~ A T < ~ ~ ~ I S " ~ F ~ , ~ S N A ) J  

- - WRI IE (LPCDBL1  )i 
WRITE(LP,<"FLUX O F N S I T Y " ~ X ~ ~ " A H M A ~ ~ R E  ~ Z U K T N ~ , X ~ ~ " F I E L D  CURRENTn>) 
J  -- 
FOR 1 + 1  S T E P  I U N T I L  5 DO BEGIN 
W R I T E ( L P [ O M L I ) I  - - - -- - - 
FOR J ~ I  STEP 1 UNTIL 1 0  o ~ N - -  

-- -- W R I T E ( L P c F U U T ~ r & A T ~ C I  l r U A I A [ I , J I , I  11 
IF JTO-TH~N W~ITF(LPI<"ANZTMATURE CUR HEN^ D F " F F ~ , ~ ~ ~ A I I P E ~ E S : , K ~ ,  

" r t i L L  PRODIJCE THE MAXIMUM TORQUE WITH A F I E L D  CURRENT OF r 
1 2 r n A H P L R E S " > ~ D A P A t l t I D 1 ~ I ) i  

- -- xe!NoJ_ -- 
W R I T E ( L P ~ O B L I ) ~  WR~TE(LP[DKLI)I 

-- 

-- WRITE(Cf""THE PROCESSOH T I H E  IbHrF10~48"SECONDS">,TIME(2)/60)i 
END.- 
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APPEND l X  G 

l NDUCTANCE OF C l RCU LAR CO l LS' 

RATIO bc/d 
FIG. 1.-Self-inductance oi short reactance coils. 

RATIO bc/d 
FIG. 2.-Self-inductance of long reactance coils. 



FIG. 3.-hlutunl i~ldllctnncc of rcnctnncc coils with the same axis. 

Bib  l iography 

I .  Dwight, H., E l e c t r i c a l  C o i l s  and Conductors, 1945, p. 266. 



APPEND lX H 

ANALYSIS OF THE UNITY GAIN PHASE SHIFTER 

The u n i t y  ga in  phase s h i f t e r  was o r i g i n a l l y  developed by James 

J.  Co l l i ns1 .  Since no ana lys i s  o f  t h e  c i r c u i t  was presented, examinat ion 

o f  t h e  c i  r c u i  t operat  ion  was undertaken. The f o l  low i ng schematic presents 

t h e  u n i t y  ga in  phase sh i f l - e r  i n  a general for 

> 
? Rl oad 

For purposes o f  ana lys is ,  C l  i s  considered a v i r t u a l  s h o r t  a t  

t h e  frequencies o f  i n te res f .  I n  add i t ion ,  t he  fo l l ow ing  parameters 

a re  considered equal t o  zero: 

hoe = 0 

hre  = 0 



The f o l l o w i n g  f l o a t i n g  admittance can be formed from t h e  above 

schematic: 

- I  - 
h i e  

- I  h i e  - - -  
h i e  h i e  

+ I  h f e  - + -  
h ~ e  h i e  

h f e  - 
h i e  

-hfe - 
h i e  

Node 5 i s  grounded 



I h f e  h f c  
A55, 14 = (-+ T)(- 9 5  + sC2g3 + sC2g51 + h ~ e  h ~ e  h ~ e  

I h f e  -hfeg5 
( g k  + s C 2 + ~  + -( h i e  I 

h f e  
- s C ~ ( ~ S  + sC2g3 + sc.2g5) 

"2g3 gssC2 h f e  + -  
h i e  h i e  + m 3 S 5  + 



( I )  g3 = g4,(hfe + I )  >> g4hie, h f e  " ( h f e  + I )  

A lso 

The vo l tage ga in  i s  now i n  t ime-constant form. 

where 

Using assumptions 

( 1 )  & ( 2 )  



Let  s = j o  

A - 1 -1 = Phase S h i f t  = a1 - a2 = tan  ( o ( - ~ ~ ) )  - t a n  ( ~ 1 ~ )  

From ( 3 )  

- 1 - 1 
= - tan  o r  - t a n  UT = -2tan-'01 

-1 
= -2tan wR5C2 

Conclusion 

A t  s = 0, t he  phase o f  the  vo l tage g a i n  i s  180'. As s* t h e  

phase 4 i n  a CW d i r e c t i o n  as the  f o l l o w i n g  phasor so ind ica tes .  



270" 
The e f f e c t  o f  hoe on t h e  ana lys is  was inves t iga ted on a  Burroughs 

85500 A lgo l  mach i ne. Hoe was vat- ied  between 0 - 5 x 1 o - ~  mhos. The 

maximum phase s h i f t  was found t o  be 0.1' f o r  R5 var ied  between 10-100 

k i  lohms. 

Bi b  l  i ography 

I .  Co l l i ns ,  James J., "Single T rans is to r  Produces Low Cost Phase Sh i f t e r , "  

E lec t ron ics  Handbook o f  C i r c u i t  Design, New York, 1967, McGraw-Hi l l  

Book Co., Inc. 




